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CHAPTER 1. INTRODUCTION 
Foams are the materials consisting of open or closed cell matrix structures, which 
may be in a liquid or solid phase, separated by a gas phase between the matrices. 
Foams can be categorized into two major groups as characterized by the matrix phase 
materials: solid foams and liquid foams. Solid foam can be grouped again as an open 
cell foam or a closed cell foam by the shape of its matrix structures. With closed 
cell materials, the gas is dispersed in the form of discrete gas bubbles and the matrix 
forms a continuous phase. In open cell solid foams, the voids coalesce so that both 
the solid and the fluid phases are continuous. Figures 1.1 and 1.2 show sketches and 
photos of each type of foam. Foamed plastics are examples of solid foam, among 
which sponge and styrofoam are examples of open cell foam and closed cell foam, 
respectively. Examples of liquid foams are beer foam, shaving cream, soap foam, etc. 
The applications of foam are growing due to foam's unique mechanical properties. 
Most solid foams have unusually low densities, high strength-to-weight ratio, and 
many are excellent acoustical, thermal, and electrical insulators. Foams have other 
advantages, such as good wave transmission, resistance to abrasion, and vibration 
damping. In addition to the general properties of foam, liquid foams have a few more 
interesting characteristics that differentiate them from ordinary Newtonian fluids. 
These characteristics include the fact they may slip on the contacting solid surface 
2 
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Figure l.l: Open cell foam: (a) Two-dimensional structure representation (b) Mi­
crograph of a sample 
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Figure 1.2: Closed cell foam: (a) Two-dimensional structure representation (b) Mi­
crograph of a sample 
4 
along which they flow, they may pick up particles in the liquid phase, and their 
rheological properties are non-Newtonian, e.g., the shear stress is not linearly related 
to the rate of strain. Liquid foams of various types are of use in a wide variety of 
industrial applications, including fire fighting, manufacturing processes, and the oil 
and gas industry. 
The demand of understanding liquid foam flow is increasing with the growing 
application of foam material. Even in the manufacturing process of solid foams, the 
understanding of liquid foam is required because the foam material is often injected 
into a mold and/or curing oven as a liquid phase. The prediction and control of 
liquid foam properties in this pre-process stage are desirable for the designing and 
manufacturing of the proposed product. 
While a considerable amount of effort has been devoted to the understanding 
of the structure, makeup, and physical properties of solid foams and liquid foams, 
relatively little experimental effort has been devoted to the understanding of the fluid 
mechanics of foam flows, except for the flow of foam in pipes and through porous 
material. Therefore, the purpose of this research is to present experimental data 
concerning the nature of foam flow obtained by measuring drag forces on various 
objects with various surface conditions as they move through foam. 
The term "foam" in this thesis will be limited specifically to liquid foams, which 
are fluid type materials consisting of numerous gas bubbles separated by thin liquid 
films such that the volume of the liquid phase is considerably smaller than the volume 
of the gas phase. The experiments were conducted to determine the drag force on an 
object placed in a uniform stream of foam. From these experiments, the drag force 
was shown to be a function of body shape, size, surface roughness, foam velocity, and 
5 
the foam properties. 
The experiments conducted for this research were conducted in a manner similar 
to those done on the measuring of the aerodynamic drag on objects in wind tunnels, 
e.g., the object to be investigated was fixed in a uniform stream of fluid (foam), 
and the drag force was measured by a means of force balance. Rather than using 
a conventional foam generator which uses air blowing into the foaming liquid to 
produce the foam, an agitation (beating) method was used for this research. In this 
way, a consistently uniform and steady-state foam flow covering a wide range of foam 
properties was generated. 
On a macroscopic scale, i.e., the length scale of the object moving through the 
foam is much larger than the typical size of the bubbles, foam behaves in ways quite 
similar to a Bingham plastic material. In other words, there is a highly nonlinear 
shear thinning relationship between the drag and the velocity, including the existence 
of an apparent yield force to initiate motion of the object. 
Since foam is considered to have a yield force which is a Bingham plastic property, 
there may be a yielded envelope region around the object moving through the foam 
[1]. In the region where the shear stress is less than the yield stress, the material 
behaves as a rigid solid. On the other hand, in the region where the shear stress 
exceeds the yield stress, the material flows. Therefore, the flow and solid regions are 
separated by a distinct yield surface. For the case of moving objects in Bingham 
material, the region inside the yield surface is called yielded envelope region. 
Since foam is opaque, direct visualization of the yield surface is not easy. In 
this study, the drag force variance for the object near a wall (the wall effect) was 
investigated to detect the possible existence of a yield surface. The comparison of 
6 
these results to those of the Newtonian case strongly suggest the existence of a yield 
surface. 
As many previous reserchers have pointed out, one of the interesting features of 
foam How is its slip phenomenon on solid surfaces. To investigate the dependence 
of drag force on the slip phenomenon, both smooth and rough surfaced models were 
used. It was found that the drag was a function of the surface roughness, and the 
variance was confined to the magnitude of the yield force of the foam tested. As 
a general result, the drag force increased with increasing liquid phase viscosity or 
increasing liquid volume fraction, defined as foam quality in this thesis. 
To better understand, the results of this experimental study, the contents are 
organized as follows. The literature review of previous experimental and theoretical 
studies is discussed in Chapter 2. A description of the experimental set-up, foam 
properties measurement, and specimens tested in this study are described in Chapter 
3. The experimental set-up is categorized into four groups. These four groups are 
test section, foam velocity control, drag force measurement, and data collecting. 
The devices used to measure foam drainage rate, foam quality, viscosity and surface 
tension of the liquid, as well as a description of the smooth surface and rough surface 
models tested are mentioned. 
Experimental procedures are explained in Chapter 4. First, the procedures for 
most of the experiments run are organized on a step-by-step basis: preparation of 
foamy liquid (soap-water solution), preparation of steady-state foam flow, and drag 
force measurement on specimens. Then, procedures for investigating the wall effect 
and storing the experimental data are introduced. Theory which relates to this ex­
perimental research is discussed in Chapter 5. Previous experimental and theoretical 
( 
studies are discussed in detail to explain slip phenomenon in foam flow, yield stress, 
effective viscosity of foam, and wall effect. 
Results and discussions are described in Chapter 6. Section 6.1 includes results 
on sixteen different smooth surface specimens tested in seven different foams. The 
result of an attempt to index the bubble size by introducing drainage rate concept 
are discussed in section 6.2. The test results to investigate the possible existence of a 
yield surface is in Section 6.3. In Section 6.4, our experimental results are compared 
with the existing foam theory. The test results on both rough surface models and 
comparison with Bingham theory are discussed in Section 6.5. The test on dispersed 
foam to investigate the relationship between viscosity and quality is discussed in 
Section 6.6. 
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CHAPTER 2. LITERATURE REVIEW 
The early stage of foam research was based on chemistry concepts such as chem­
ical structures of foaming agents and their stability. Foam's natural tendency is to 
minimize surface energy by reducing surface area, and the bubble size increases with 
time. Instability of foam due to drainage, regional concentration of surfactant, and 
related chemical mechanisms lead to film rupture and result in bubble coalescence. 
Cheng and Nat an [57] reviewed such foam degradation mechanisms. 
Recently, chemical engineering researchers extended their knowledge in rheology 
to the foam field. The systematic study of foam flow requires knowledge of numerous 
scientific disciplines because liquid films control foam characteristics. Physicochemi-
cal principles related to the soap films are fundamental to foam rheology. 
The major features of foam flow, which diff'er from ordinary Newtonian fluid 
flow, are the slip phenomenon at the moving wall, the effective viscosity which is 
larger than liquid phase viscosity, and the Bingham-plastic characteristics. 
The slip boundary condition arises from a macroscopic point of view consider­
ing a conceptual model of the wall liquid film region. Since the slip phenomenon is 
naturally demonstrated by experimental study, many previous experimental eflforts 
have been devoted to quantify the slip velocity and to develop wall slip correction 
techniques following the basic background of early studies on dilute gas bubble sus­
9 
pensions and foam structures. These are discussed in Sections 2.1 and 2.2. The 
details of these previous studies on slip phenomenon will be introduced in Section 
2.3. 
"Apparent viscosity" and "effective viscosity" are the terminologies used to dis­
tinguish foam viscosity from foam agent liquid viscosity. Apparent viscosity refers 
to the experimentally measured viscosity without the slip velocity correction. On 
the other hand, effective viscosity refers to the viscosity of a foam field when slip 
velocity is eliminated. There is evidence [46] that apparent viscosity is lower than 
effective viscosity. Most of the theoretical studies deal with effective viscosity. The 
background of previous works on apparent viscosity and effective viscosity will be 
discussed in Section 2.4. 
2.1. Dilute Gas Bubble Suspensions 
Most materials that are called foams consist of gas bubbles separated by thin 
liquid (or solid) films. That is, the quality, (j), defined as the gas volume divided by the 
foam volume, is not significantly less than one. Gas-bubble suspensions are another 
extreme in volume fraction of a gas-liquid mixture. In rheological concept, dilute 
gas-bubble suspensions are analogous to the dilute emulsions of neutrally buoyant 
drops of one liquid within another immiscible liquid when the volume fraction of the 
dispersed phase is very small. 
Dilute gas suspensions, unlike foams, can be analyzed by considering single drops 
by using mathematical techniques available for solving the Stokes equations. Under 
small deformation, Taylor [39] has shown that the effective viscosity, /ig, of a dilute 
10 
emulsion is 
,.e = ,|{1 + (2.1) 
where // is the continuous-phase viscosity, A= /'*/// is the viscosity ratio (/<* is the 
viscosity of the dispersed phase), and (f>j is the volume fraction of the dispersed phase 
(which is assumed small). 
Reviewing the theories that apply to dilute emulsions and gas-bubble suspen­
sions, Kraynik [19] pointed out the following difference between the rheology of foams 
and dilute gas-bubble suspensions: for dilute emulsions, non-Newtonian effects arise 
from interactions between droplets and the external liquid phase. By contrast, the 
shape of bubbles in static foam is largely determined by neighboring bubbles, and 
non-Newtonian behavior occurs even when viscous forces are absent. 
Schowaiter et al. [34] extended Taylor's theory to show that the spherical drop in 
d i l u t e  e m u l s i o n s  d e f o r m s  a n d  t h e  s h a p e  d e p e n d s  o n  c a p i l l a r y  n u m b e r ,  C a  —  / . l a - y j a ,  
where cr is the interfacial tension, a is the drop radius, and 7 is the deformation rate. 
The capillary number is a relative measure of viscous forces that tend to distort the 
drop and interfacial tension, which favors sphericity. Later, Taylor [40] analyzed bub­
ble expansion in unbounded fluids to determine the dilatational (effective) viscosity 
n' of dilute gas-bubble suspensions. Recently, the interfacial dilatational viscosity, k, 
has been obtained by Edwards [11]. The equation for is 
/ = m[;^(1 + -)-1.733] (2.2) 
Prud'homme and Bird [30] employed a "cell" model and found the last term of Eq. 
(2.2) to be -1 instead of-1.733. 
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2.2. Foam Structure 
Plateau [25] observed that three films on a planar surface always meet at equal 
dihedral angle of 120°. The film junction region, now called Plateau borders, forms 
the edges of polyhedral gas bubbles (see Figure 2.1). The Plateau border is the 
bubble film junction region such that, in 3-dimensional foam, four bubble edges meet 
at an equal angle of cos"^! —1/3) ~ 109.47° 
Around this Plateau border, four bubbles form a tetrahedron shape and four 
corners have tri-dimensional figures. Due to the surface tension of each bubble, all 
the bubble edges at the corner have a small radius of curvature. Therefore, a finite 
amount of liquid will be naturally present at the Plateau border. 
Kelvin [17] determined that this honeycomb shape is the ideal foam structure 
where a space is partitioned into identical cells of equal volume and minimal surface 
area. This identical shapes of monodisperse foam structure is currently the model 
for theorists, despite Metzke's observation [21] that such an ideal cell does not exist 
in actual bubbles. 
2.3. Slip at the Wall 
The slip phenomenon refers to a situation where a velocity discrepancy occurs 
between the solid wall and fluid phase; the fluid phase velocity is lower than that 
of the solid due to a certain velocity discontinuity. In such cases, the layer of fluid 
next to the solid surface has a finite tangential velocity. The term "slip flow" is 
appropriate for this kind of flow. 
Kraynik [19] pointed out, however, that the slip is merely a convenient macroscale 
12 
Figure 2.1: Two-dimensional representation of the Plateau border 
13 
description of the wall boundary condition, whose cell-level mechanism depends upon 
the existence of a thin fluid layer that does not itself slip, but wets the wall and 
lubricates the foam flow. 
As mentioned previously, in the macroscopic view (i.e., characteristic length of 
the object is much greater than the diameter of the foam cell), foam flow shows a 
similar "apparent slip" phenomenon on the solid boundaries. Since early theoretical 
attempts to correct the slippage in a non-Newtonian flow by Reiner [33] and Mooney 
[22], numerous efl'orts have been devoted to model this interesting phenomenon. 
Reiner considered a finite thickness of lubricating layer next to the wall, in 
which the velocity gradient is much larger than in the other region. The flow in the 
lubricating layer shows a linear velocity profile according to the fluidity concept. The 
term "fluidity" is an experimentally defined coefficient as a function of shear stress, 
which relates the wall slip velocity and shear stress. If the slip velocity is given by 
Ug — heTw/n, where he is the effective thickness of liquid layer and the t-w is the 
wall shear stress, then the wall fluidity is simply il'iv — ^e/The outer flow can be 
distinguished from the lubricating layer by the different velocity gradient. Figure 2.2 
shows this model, in which there is a distinct functional discontinuity between the 
two regions. 
For the case of foam flow, as a proposed Bingham material, the outer flow region 
could be divided once again into two regions, a yielded region (fluid region) and an 
unyielded region (solid region). The yielded region is the region where foam yield 
strength is exceeded. The unyielded region is the region where the shear stress is less 
than the yield stress and the stream lines are not affected by the object. For example, 





Figure 2.2: The conceptual two-dimensional foam flow model 
1.5 
lubricating layer region is negligible on a length scale compared to outer regions for 
the case of foam flow, (i.e.. <5 H) most researchers treat the phenomenon as a wall 
slip from a macroscopic point of view rather than considering it as another region 
that has a different velocity gradient. 
Wenzel et al. [45] performed an experiment using a transparent pipe test section 
with a 2.75 inches diameter to detect the wall slip velocity. Because a transparent 
pipe was used, the wall slip velocity could be determined by tracing the movement 
of a bubble at the wall with time. This slip velocity is plotted as a function of the 
average velocity (volume flow rate divided by cross-sectional area) for two different 
ranges of bubble diameter, d (Figure 2.3). Since the boundary liquid layer is analyzed 
as a laminar Newtonian film, and a slip velocity Us is assumed to exist at the inner 
surface. Then 
Us 
T'W — (2.3) 
where = wall shear stress and <5 = the thickness of the layer. Figure 2.4 indicates 
that the pressure loss and, therefore, Tw, increase with increasing average velocity. 
However. Figure 2.3 shows that for small bubble foam, an apparent maximum slip 
velocity is attained. This implies that 6 decreases with increasing average velocity, 
since tw increases with average velocity. Since 6 was not measured, this was not 
verified experimentally. 
Later, with experiments using a concentric cylinder viscometer, VVenzel's [46! re­
sults contradicted his previous hypothesis, where the wall liquid layer is considered to 
decrease with increasing velocity. If the wall boundary region of the fluid is assumed 
to be Newtonian, then 
Tw = fidUjdy = f iUs/S (2.4) 
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Figure 2.4: Variation of pressure loss with average velocity. From Wenzel et al. 45j 
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where Us is the slip velocity and t*i is the thickness of the liquid film layer on the wall. 
Now, if (5 is assumed to be a function of Us according to 
6  =  a U l ~ ^  ( 2 . 5 )  
then 
^ /" = C'ff (2.6) 
With the values of C and ,3 attained from curve fitting, a can be calculated. The 
result is 
6 = a (2.7) 
with Q = .3.7 X 10^4 being a dimensional constant between Us (in./sec) and 6 (in.). 
That is, the liquid layer thickness increases as a function of wall velocity. Also, 6 
turned out to be of the same order of magnitude as the thickness of a liquid film 
between bubbles of the same foam. 
Similar recent experimental work using essentially the same method has been 
performed by Lemlich [41]. He argued that the "apparent slip," which is the sliding 
phenomenon due to fluidity of the liquid film layer at the wall, should be distinguished 
quantitavely from the actual slip (real slip). Lemlich ran the foam through horizontal 
commercial acrylic and galvanized steel pipes. He showed that in the acrylic pipe 
the foam flows almost entirely by slip, with a very close approach to plug flow as 
confirmed by dye injection. When the fluid particle on the wall slides instead of 
rotates (the "not wetted" case), the actual slip boundary condition will hold. He 
suspected that the plug flow case might happen due to actual slip when the wall is 
not wetted (or is at best poorly wetted), since the pipe was acrylic. Or perhaps the 
wall shear stress did not exceed the yield stress of the foam. Therefore, the foam 
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totally slides on the liquid layer without deformation, or the combination of both. 
The linear relationship Lemlich found between shear stress and shear strain in this 
case could suggest what really happened in the boundary region of foam flow. Since 
the straight line passes through the origin, the non-slip condition on a solid boundary 
in the microscopic view should be valid. 
Extrapolation of the smooth wall shear stress versus wall velocity data to zero 
velocity indicated a small, but finite, yield stress. This phenomenon was observed for 
flow in smooth tubes by several investigators [.39, 27], although a detailed analysis 
has not been made. Experimental evidence [36] shows that the wall fluidity vanishes 
below the finite value of wall shear stress (called the slip yield stress). If the shear 
stress is in the range between the slip yield stress and the foam yield stress, the foam 
is transported entirely by plug flow. This plug flow has also been reported by several 
investigators[2, 18]. 
Lemlich's results agree with those of Wenzel et al., based on experimental obser­
vations which showed that the liquid film thickness, 5, at the wall increases as velocity 
increases. As seen in Figure 2.5, film thickness has an asymptotic limiting value at 
higher speeds. A plausible explanation for the increase of film thickness with the 
foam velocity is suggested by Lemlich as follows. The layer of bubbles immediately 
adjacent to the wall is subjected to shear as the foam moves along. As a result of this 
shear, the liquid from nearby Plateau border regions, which act as small reservoirs, 
is dragged out at the wall. As the velocity increases, the shear force on the layer of 
the bubbles increases, thus dragging more liquid up to a certain limiting value until 
the reservoirs are depleted. 
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Figure 2.5: Liquid film thickness at the wall vs. visually measured wall bubble 
velocity for particle-free foam flowing through acrylic pipe of 4.44 cm 
i.d. From Lemlich [41] 
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roughness of the inside of the pipe was much larger in length scale than that of the 
liquid layer at the wall. In analyzing the data, he found no slip at the wall, and 
consequently, pseudoplastic behavior existed in the foam field. 
Reasonable analysis of this slip phenomenon can be found very recently [14, 47, 
1.5, 27, 26, 29]. Because of the difficulty of measuring the actual boundary film layer 
(liquid layer) thickness, Princen [27] suggested the use of an effective thickness, he-
From his analysis using a concentric-cylinder viscometer with slip-layers at the inner 
and outer cylinder walls, Princen defined the fluidity as the ratio of effective thickness 
and viscosity of the boundary layer, hefn, and espressed the functional relationship 
between fluidity of the liquid boundary layer and wall shear stress, Tw. The wall 
shear stress, Tw, is measured by the viscometer until reaching foam yield stress, Tq. 
The fluidity was found to be zero below a small but finite slip yield stress, (r^Oo? 
and rapidly increased with r. 
The classical method to account for the slip phenomenon, due to the thin liquid 
layer having a large velocity gradient, was first presented by Mooney [22]. The 
improvement of this method, which is similar to Princen's idea mentioned above, was 
recently reported by Yoshimura et al. [47]. Using two measurements on rotating 
cylinder geometries with different gaps but equal ratios of radii, Yoshimura et al. 
present an analysis of flow with wall slip. Then, they show how to correct the 
experimental data for the slip, and how to calculate viscosities and wall slip velocities. 
The wall slip correction techniques developed for viscometry devices have been 
verified by experiments, using non-decaying slip materials such as a clay suspension 
and oil-in-water suspension. The decaying process is a combination of the drainage of 
the continuous liquid phase and the rupture of individually surrounded bubbles. For 
22 
the neutrally buoyant drop or particle suspension case, neither drainage nor rupture 
occur. For the case of foam, however, there has been difficulty for the application of 
these methods due to the decay problem that occurs during testing. 
2.4. Yield Stress and Viscosity Function 
Foam, considered as a Bingham material, has a yield stress. Early evidence of 
yield-stress phenomena in foams can be found in experimental studies [6, 20). The 
experimental attempt to measure foam flow charateristics has started rather recently. 
Mooney's [22] measurment of the pressure drop for foam flow in tubes of different 
diameter may be the first. His experimental method was adopted and extended by 
Wenzel et al. [45]. 
Wenzel et al. [45] performed experiments to determine the relationship between 
the pressure drop and the average foam velocity for foam flow in smooth pipes. He 
found that the data points lie on straight lines on the logarithmic plot (see Figure 
2.4). Such lines have the relationship, AP/Z = KU^, in which APf L = the pressure 
loss per unit  length of pipe,  U is  the average velocity,  n is  the slope of the line,  and K 
is constant. As seen from Figure 2.4, the effect of bubble size is apparent for this flow 
in the velocity range tested. In general, the parameter fitting schemes require prior 
knowledge of the explicit functional relationship. The above experimental studies do 
not provide systematic generalization due to a lack of important variables such as 
surface tension, foam quality change, and viscosity of the foaming agent solution. 
Later, Wenzel [46] investigated the effect of the foam yield stress, effective viscos­
ity and apparent viscosity, including the foam expansion factor, $ = Vy/V'^, where 
Vj is foam volume and Vj^ is liquid volume. He noticed that earlier studies used 
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smooth walled concentric cylinder viscometers, and few distinguished between the 
two basic flow mechanisms which can exist: the shearing of the foam matrix and the 
sliding of the matrix along a smooth boundary. 
In order to determine the shear stress in the absence of wall slip, VVenzel em­
ployed a cone and plate viscometer with radially placed high vanes. .4.1so he used a 
concentric cylinder viscometer to study the wall slip phenomenon. The inner cylin­
der was vaned to prevent slip which could, therefore, only occur on the smooth outer 
cylinder wall. He used a soap-solution with a surface tension of 25 dynes/cm at room 
temperature and a viscosity about 12 percent greater than distilled water. VVenzel 
ran the experiment with an average shear rate from 0.18 to 1.35 5""^. The data 
were fit to a general equation of the power type: 
r = ro + (2.8) 
where r is the effective shear stress, Tq is the yield stress of foam matrix, 7 is the 
shear rate, and K and N are constants. 
From the plot (Figure 2.6), VVenzel found a strong correlation between Tq and the 
inverse of the average bubble diameter, Iji. He also found, however, no meaningful 
relationship between the expansion factor and the yield stress, which indicate that 
yielding is primarily a surface phenomenon, depending on the number of films per 
unit volume rather than film thickness. The effective viscosity calculated turned 
out to decrease with increasing shear rate. No relationship was found between the 
effective viscosity and the bubble diameter, which indicates that the flow mechanism 
is different from the yield mechanism. The other observation is that under higher 
shear rates with large bubble foams, there was a tendancy for the bubbles to reform 
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Figure 2.6: Variation of yield stress with bubble diameter. From Wenzel ,45| 
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In similar recent experimental work, Lemlich [41] used almost the same method. 
He ran the foam through horizontal commercial acrylic and galvanized steel pipes. 
Lemlich noticed that researchers appeared to be divided as to whether foam is better 
described as pseudoplastic or Bingham plastic. As mentioned earlier, if the fluid 
requires a finite yield stress before it begins to flow, the fluid is Binghani-plastic 
material. A pseudoplastic refers to the shear thinning characteristics with no yield 
stress, which decreases resistance with increasing stress. 
Lemlich found that in acrylic pipes, the wall shear depends only on the volumetric 
flow rate of foam, not on the average bubble diameter. This lack of effect of bubble 
diameter contrasts with the findings of Wenzel et al. [46]. Due to the limitations of 
the experimental set-up, the range of foam quality was limited [(f) ranged from 0.88 
to 0.99 for most runs). Lemlich found the variation of foam quality did not seem to 
have much of an affect on the foam flow. 
Lemlich used galvanized steel pipe for the rough boundary condition. The rough­
ness of the inside of the pipe was much larger in length scale than the liquid layer 
at the wall. Lemlich found no slip at the wall of gavanized steel pipe, and a pseudo-
plastic behavior of the foam field. His finding of the lack of a yield stress contradicts 
other studies. 
Khan and Armstrong [13, 14, 15, 16] is one of the research groups who started 
a set of theoretical analysis based on a two-dimensional microscopic foam structure. 
They idealized the foam cells to be monodisperse, two-dimensional hexagons, so that 
the foam can be visualized as a collection of infinitely long cylinders with hexagonal 
cross-section (see Figure 2.1). Khan and Armstrong set the general mathematical 
expression for the stress tensor which gives the total stress in terms of the shape of 
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the cell orientation, interfacial tension, and the rate of deformation in the liquid. 
They also modeled the reformation process of the bubble in foam by investigating 
the stress-strain relationship. With increasing strain, a critical strain, 70, is reached 
when the bubbles meet their stable limit; they then slide instantly along the liquid 
film and reform. The stress corresponding to this critical strain (yield strain) is the 
suggestion of the foam yield stress, Tq. Khan and Armstrong defined different cell 
orientations for foam under deformation in certain directions. By assuming idealized 
hexagonal, monodisperse foam cells with dry foam {<p is about 1), they obtained the 
results that the stress-strain relationship is independent of initial cell orientation. 
However, the critical strain varied with orientation, and therefore, the yield stress 
was a function of orientation. The yield stress, tq, was directly proportional to the 
liquid surface tension and inversely proportional to cell size [13]. 
Later, Kahn and Armstrong extended their theoretical investigation to include 
the effects of viscous and interfacial forces present in the foam film for both small 
and large deformations [14]. They found that the yield stress, critical yield strain, 
and the stress-strain relation are independent of the size distribution about a con­
stant mean cell size and are coincident with foam consisting of monodisperse, regular 
hexagonal cells. Khan and Armstrong introduced the modified capillary number, 
Ca' = ( \/3/2)(l — >/0) X y/^l/.i-yalcr), as a ratio of the viscous to the interfacial 
forces, where /t is the liquid phase viscosity, 4> is foam quality, 7 is deformation rate, 
a is average bubble radius, and cr is interfacial surface tension. The introduction of 
the liquid viscosity into the model produced a strong deviation from their previous 
results [13] in both the stress field and the cell deformation for Ca' larger than 0.01. 
The viscous effects were independent of initial cell orientation. 
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Weaire et al. [44] calculated stress-strain curves for a number ot" samples of 
two-dimensional disordered foams by using a computer simulation. Compared to 
the idealized hexagonal foams, the disordered foam comprised bubbles with arbitrary 
sizes and shapes to simulate more natural-like foam. They found the elastic constant, 
defined in terms of stresses and modulus of elasticity for computational convenience, 
takes a value close to that of ideal hexagonal foam with the same mean cell area. 
Similarly, the yield stresses show only slight variation among reasonable disordered 
structures. Their finding on the elastic constant closely agrees with Princen's and 
Kahn and Armstrong's explicit calculations, namely, that the elastic constant does 
not depend on orientation. This curious finding remains unexplained. 
Kraynik [19] pointed out that merely calling foam highly viscous is an under­
statement, because foam possesses a yield stress, tq, below which the deformation 
rate is zero and, therefore, the viscosity is infinite. When the shear stress, r, exceeds 
the yield stress, the shear-rate-dependent viscosity can be represented by 
='^o/7 + /'p(7) (T > To) (2.9) 
where / . ipi 'y)  is a constitutive function that depends upon shear rate. The Bingham 
fluid model, with fip constant, is the most familiar form of Eq. (2.9). Foam-viscosity 
data are sometimes fit to the familiar power law //y = where m and n are 
constant parameters. When n is significantly greater than zero, viscous contributions 
beyond the yield stress are indicated. Thondavadl and Lemlich [41] report n = 0.61. 
for the foam they tested. 
Kraynik also noticed that effective yield stress can be defined theoretically, while 
it can not be easily measured. It is considered to be a convenient empiricism for rep­
resenting the viscosity function over the shear-rate range of an experiment because 
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many yield-stress values reported for foam, by using various viscometers, are just 
intercept parameters obtained by fitting steady-flow data. They are not a direct 
measurement of an effective yield stress. While recognizing the inadequacy of exper­
iment to prove the existence of a yield stress, Kraynik asserts that foam does have 
a yield stress based upon reasonable experimental evidence and the predictions of 
micromechanical models. Later, Kraynik [18] reported that the yield stress decreases 
with increasing liquid contents. 
Reinelt and Kraynik [.31] investigated the film level viscous flow on a microscopic 
model developed by considering small deformations of an idealized material with two-
dimensional, spacially periodic cell structure. From this analysis, they found that the 
viscous contribution to the effective viscosity is 0[Ca?'l^) and depends on the foam 
orientation but not its liquid content. The viscosity function for simple shear and 
planar extension exhibits the same power-law dépendance on strain rate and shows 
no evidence of a yield stress. 
Kahn and Armstrong [15] performed an experiment on foam [6 ranged 0.92 to 
0.97) to measure the effective viscosity and yield stress using a parallel spectrometer. 
They applied sand paper to both plate surfaces to eliminate the slip phenomenon. 
From the plot in terms of viscosity versus shear rate, they observed that the viscosity 
of foam approaches an infinite value at a non-zero stress, which corresponds to the 
yield stress. The value of the foam effective viscosity, which is significantly higher 
than the liquid viscosity, is an increasing function of quality (gas volume fraction) 
(j). The yield stress was also found to increase with (j). Comparing the experimental 
data for (j) — 0.97 to their two-dimensional model theory prediction when </> = 1, 
Khan and Armstrong found the model to give the correct trend of the functional 
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relationship between viscosity and shear rate, but to overpredict the data by a factor 
of six. They could not run the experiment at a higher shear rate because of foam 
structure breakdown due to rupture in this region. 
The shear-rate dependence of viscosity (effective viscosity) has been studied the­
oretically and experimentally by several investigators [8, 42, 38, 5] by using a vis­
cometer. Princen [26, 27] introduced the fluidity to correct for wall slip and ran 
the experiment using a concentric-cylinder viscometer and highly concentrated emul­
sions which are analogous to the foam at some extent. Yoshmura et al. [47] used the 
same emulsions but different experimental techniques and measured yield stress val­
ues consistent with Princen. Princen's and Yoshmura's use of the similarity between 
concentrated emulsions and foams are considered excellent at low deformation rates. 
For the case of foam, however, direct application of these viscometric methods has a 
practical limit due to foam's stability and compressibility. 
Schwarts and Princen [35] extended their two-dimensional theory for the vis­
cosity of foams and concentrated emulsions. They considered, in detail, the viscous 
dissipation in the film between the bubbles as the system is subjected to a periodic 
uniaxial strain that does not exceed the elastic limit (or yield point). These ideas, 
when combined with the structural constraints that exist within a foam, lead to an 
expression for the effective viscosity of these complex fluids. They found that the 
contribution of viscous dissipation, relative to the elastic work done in deforming 
a foam, can be quite significant and this dissipation gives rise to a fundamentally 
non-Newtonian contribution to the effective viscosity. The effective viscosity exceeds 
the viscosity of the continuous phase by a factor proportional to (cr//ta7)^/'^. 
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CHAPTER 3. EXPERIMENTAL APPARATUS 
3.1. Experimental Set-up 
The experimental apparatus was designed to provide a means to measure the 
drag force on objects placed within flowing foam (see Figure 3.1). The foam flow 
was confined inside a rotating tank, which had a channel along the outer wall. The 
foam in the channel was continually agitated to maintain constant foam properties 
throughout the testing. The tank was rotated by a variable speed motor, controlled 
by a speed controller. 
A tachometer attached to the motor was used to measure the angular velocity 
of the rotating tank. The tachometer output dc voltage, which was proportional to 
the angular velocity of the tank, and thus the foam velocity was read by a digital 
multimeter and recorded on the z-axis of a plotter. A micro switch was attached 
next to the motor shaft which has a key hole, so the micro switch could turn off 
and on once per turn. This on-off signal was read by a counter and converted to 
a time period in the counter. The calibrated relationship between this period and 
the rotating speed of the tank was used to check the validity of the dc tachometer 
output. 
The drag force on various objects was detected by a strain-gauge force trans­



















Figure 3.1: Schematic diagram of experimental set-up 
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indicator and recorded on the (/-axis on the plotter. Thus, it was possible to directly 
record graphs of drag as a function of velocity. 
The experimental set-up can be grouped into four major parts by their functions: 
test section, foam flow velocity control, drag force measurement, and data recording. 
3.1.1. Test section 
As shown in Figure 3.2, a rotating tank, having an open channel formed by two 
concentric walls, was used as the means to provide a uniform steady-state foam flow. 
The tank was made of Plexiglass to visually observe the foam. Such observation 
helped ensure that the foam generated was homogeneous throughout (i.e., no foam 
decay at the bottom). 
The diameter of the outer tank wall was 1.143 m, the inner diameter was 0.902 
m, and the height was 0.108 m. Constant foam properties were maintained by means 
of a variable speed agitator (a mixer on the end of a rotating shaft) located at the 
center of the channel, opposite the force transducer. The agitator was made by Palo 
Lab, Inc., type V-10. A variable autotransformer made by Staco Energy Product 
Co., type 2PF1010, was used to control the agitator speed. 
3.1.2. Foam velocity control 
The rotating tank was connected to a gear reducer that was rotated by a variable 
speed motor made by Electro-Craft Co. (EC). The motor was controlled by an EC 
speed control ,  model E6.50M. The foam velocity,  U, was obtained from U = uiR^ 
where R is the radius from the center of the tank to the test object and w is the 
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Figure 3.2; Schematic representation of test section 
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the (1.143/7? — 0.902n?)/2 = 0.12m foam channel with R = 0.962 in.  The angular 
velocity was obtained from a precision dc tachometer (voltage generator) attached to 
the variable speed motor that rotated the tank. 
The dc tachometer was made by Horowe Servo Control, Inc., model 1211-003, 
and the rate of generating voltage was 20.8 fo/</1000 rpm , with 8000 rpm maximum. 
Its linear characteristic was checked through a calibration procedure. Although the 
tachometer had unstable nonlinear output under 10 rpm, this angular velocity was 
equivalent to a foam velocity 0.0024 mjsec or less, which was very slow and negligible. 
The output was read by a Keithley Digital Multimeter, model 195. The electric noise 
in the tachometer signal was attenuated by an RC-filter before being fed to the 
plotter. 
3.1.3. Drag force measurement 
The drag force, Fp, on the objects tested was measured by a dual cantilever 
beam force transducer using strain-gauges, full bridged for high resolution. The 
sketch of the force transducer is shown in Figure 3.3. The transducer was carefully 
designed to provide the desired resolution and accuracy for the data range covered. 
To prevent the transducer from rusting, stainless steel (18-8) with a thickness of 
0.381 mm and a width of 12.7 mm was selected and used for the cantilever beams. 
The beam length, 250 mm, was optimized with the thickness and width within design 
criteria, which was aimed for the maximum possible resolution with small deflection. 
Prior to the present study, there were no drag data for objects moving through 
foam. Hence, there was no way to estimate the magnitude of the expected drag 
force in order to design the force transducer properly. Thus, a set of preliminary 
Sbtain-gages 
Figure 3.3: (a) Sketch of dual cantilever beam force transducer (b) The illustration 
of installation of model to the transducer slot 
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experiments using a torsion bar force transducer was run to determine the possible 
maximum drag force, which turned out to be about 0.4 Newton. 
If 0.5 N drag is acting on the object, 0.25 N force F is delivered to each end of 
the cantilever beam. The constraint equation for one of the cantilever beams where 
both ends have a fixed boundary condition is 
= ^ (3.1) 
where E is the modulus of elasticity, b and t  are the width and thickness of the beam, 
6 is the deflection, and L is the length of the beam. For the set-up, the Eq. (3.1) 
becomes 
0 25 'V - (^90 X 109iV/m^)(12.7 x 10-3m)(0.318 x 
(0.25m)3 
or 
8 = 0.025m = 2.5cm 
The moment, M, due to the force at the end of a cantilever beam is 
F L 9 M = = 3.125 X 10 Nm 
Since the strain gauge is attached 2.5 cm from the beam end, the moment, Me, at 
that position is — 2.5 x 10~^iVm. With Me, the strain is 
or 
€ — 
, x . 430, 
(190 X 109#/m^)(12.7 x 10-3m)(0.381 x 
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This maximum strain is under the allowable strain limit 6000 /( of the strain gauge. 
Now. the actual strains in the strain gauges are 
MeC 
£j  ^axial  
MeC 
^2 - ~~^r ^ 
MeC 
^3 -  + ^ axial  
MeC ^  
^4 £j-  +  ^ axial  
Since the strain gauges are full bridged, the output strain e is 
/ 
e =  e i -  6 - 2  + eg - €4 
so that the axial strains cancel (i.e., the weight of the model does not affect the 
output strain), and the total output strain is 
^max = 4e ~ 4(430// ) — 1720// 
The strain gauges were selected for the output range and base metal for the self 
temperature compensation. Strain gauge model EA-06-240LZ-120 option E, made 
by the Measurements Group. Inc., was selected and used for force transducer. The 
strain indicator, model P — 3500 by the Measurements Group. Inc., was used as the 
output device. 
3.1.4. Recording data 
For the experiments conducted, the drag force and velocity were plotted on a 
Hewlett Packard X - Y Recorder, Model 7044A, giving Fj^ versus U graphs. The 
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cumulated plot was digitized by using a Tektronix digitizer made by Summagraph-
ics, model ID-TAB-1111, which was connected to Tektronix 4113A terminal. The 
digitized data were stored as data files in a VAX computer for future use. 
3.2. Foam Property Measurement Devices 
A wide variety of materials can be used to generate foams. The terminology 
"foaminess" or "foaming ability" is used to describe how well the material produces 
foam. Experimentally, for example, this means that agitation may produce a larger 
volume of foam on liquid A than on liquid B. Usually, foaming solutions (or foaming 
liquids) refer to the solutions which have foaming ability. This equivalence exists 
because it is generally agreed that pure liquids do not foam. Examples of foaming 
solutions that have a strong foaming ability are soap solutions which are salts of 
fatty acids having a high molecular weight, alkyl sulfates, sulfonates ethylene oxide 
adducts, cationic surfactants, etc. 
For the purpose of this study, a stable high expansion foam was desirable to 
ensure that the drag force measurements were obtained in a uniform steady-state flow. 
Commercially available soap solutions were found to be very stable with excellent 
foaming ability. In this experiment, a commercially available liquid detergent (Joy) 
was used. This provided an inexpensive, consistent, stable foam, and was harmless to 
contact. Depending on the soap solution-to-water ratio, the resulting foam can vary 
widely in its physical properties, i.e., long lasting, heavy, strong, etc. These physical 
properties can be quantified by measuring bubble size, volume expansion rate, liquid 
viscosity, and surface tension. 
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3.2.1. Drainage rate measurement device 
The bubble size (or cell size) is one of the components which defines foam char­
acteristics. In actual foam, the bubbles have a random size distribution. Thus, the 
concept of average bubble size (mean bubble diameter) is used for practical purposes. 
Usually, the length divided by the number of bubbles in a known length gives the 
average bubble diameter. 
Since the measurement of average bubble diameter is not easy in a dynamic 
(flowing) situation, the concept of drainage rate was proposed as an attempt for 
indexing the average bubble size in this study (see Section 6.2). Drainage involves 
thinning of the liquid films that separate the foam cells. Because of gravitational 
effects and surface tension variation in stationary liquid foam, the liquid in the films, 
which separate the gas bubbles, drains through the capillary liquid film path. Figure 
3.4 is a sketch of the device used to measure the drainage rate, which was made by 
joining two different sizes of glass tubes. The larger upper cylinder is a foam sample 
(200 ml) reservoir, and the smaller lower part is used to deposit the cumulated liquid 
drained from the upper part. The upper cylinder is about 12 cm high with an inner 
diameter of 6.6 cm, and the lower tube was about 28 cm high with an inner diameter 
of 1.14 cm. The size of the lower cylinder was designed to collect the amount of the 
collapsed liquid volume from a 200 ml foam sample in the upper cylinder. 
3.2.2. Quality (gas fraction) measurement device 
Another foam property that is important in characterizing a foam is its quality. 
The quality is defined as the volume fraction of the gas phase volume contained in 





Figure 3.4: Open cylinder device for measuring foam drainage rate 
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the same purpose. 
Therefore, quality can be calculated by measuring the volume of liquid from the 
collapsed foam after completing the drainage rate measurement. A .50 ml graduated 
cylinder was used to measure the drained liquid volume. 
3.2.3. Viscosity measurement devices 
As a foam flows, velocity gradients are generated within the liquid films that 
separate the individual bubbles. Thus, the viscosity of the liquid may be an important 
parameter affecting the drag force. Capillary tube viscometers made by Cannon 
Instrument Co., Cannon-Fenske Routine type, were used to measure the kinematic 
viscosity of the liquid. To cover the viscosity range involved, four different sizes of 
viscometers were used; these are nominal sizes 7.5, 100, 150, and 200 covering ranges 
from 1.6 to 8, 3 to 15, 7 to .35, and 20 to 100 centistokes, respectively. The normal 
size 350 capillary viscometer, which covers from 100 to 500 centistokes, was used to 
measure the viscosity of the pure Joy solution. 
For the measurement of the effective viscosity of the low quality foam (gas bubble 
suspensions), a concentric cylinder viscometer made by Arther H. Thomas Co. was 
used. 
3.2.4. Surface tension measurement device 
Another very important parameter affecting the generation and flow of foam is 
the interfacial surface tension between the liquid and gas components of the foam. A 
surface ring-tensiometer made by Central Scientific Co. was used to measure surface 
tension of the soap-water solution for the foams in this study. 
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3.3. Specimens 
The drag on objects is expected to be a function of the geometric properties of 
the object, i.e., size, shape, and surface composition. To determine this dependence, 
a fairly comprehensive set of specimens was constructed and tested. They were at­
tached to the force transducer by means of a thin support stem, which was a hollowed 
stainless steel needle of diameter 1.52 mm and length 7.5 mm. These specimens can 
be grouped by their surface conditions: smooth-surfaced models and rough-surfaced 
models. In addition to these models, a bare stem was tested to measure the partial 
drag portion on the immersed stem part. 
3.3.1. Smooth surface models 
Eighteen smooth-surfaced (Plexiglass or painted wood) spheres, disks, flat plates 
and ellipsoids were tested in foams of different properties. The spheres were 19.1 
mm, 25.4 mm and 38.1 mm in diameter. All of the disks and ellipsoids were 25.4 
mm in diameter normal to the flow direction to make it easy to compare the effect 
of geometry. 
The smooth-surfaced models tested in this study are listed in detail in Table 3.1, 
and a photograph of some of these models is shown in Figure 3.5. The experimental 
data obtained for these smooth surfaced objects show the functional relationships 
between drag force, geometry, velocity, and foam properties. 
3.3.2. Rough surface models 
Several different sphere sizes and flat plates oriented parallel to the flow were 
used to investigate the effect of surface roughness. The rough surfaces were created by 
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Table 3.1: Smooth surface models 
Models i Shape Description Model no. l ( m m )  
I 2 '• 19.1 
Sphere : ir -) 3 25.4 
4 38.1 
Disk 




























MODEL ; 1 
Figure 3.5: A photograph of the smooth surfaced models for this study 
applying glass particles of different sizes to the models. Silicon coated glass particles 
were used to avoid possible dissolving problems in the foam. 
Five different ranges of particle sizes were prepared in the range of 44 to .589 
//m. These ranges were 44 /im to 74 //m, 74 //m to 149 //m, 149 //m to 2.50 /fm. 
250 j-im to 420 //m, and 420 /m? to 589 /tm. Three different sizes of spheres and two 
different  lengths  of  f la t  p la tes  are  used as  models .  These include 19.1 mm, 25.4 mm 
and .38.1 mm diameter spheres, and 50.8 mm and 101.6 mm length plates. Figure 
3.6 is a photograph of samples of rough surface specimens. 
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« 
Figure 3.6: A photograph of samples of 38.1 mm dia. rough surfaced sphere. Rough­
ness  for  lef t  is  44-74 /^m, and r ight  is  420-589 f im 
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CHAPTER 4. PROCEDURES 
4.1. Preparation of the Soap-water Solution 
The foam was produced by the mechanical agitation (beating) of a soap-water 
solution. The viscosity of the liquid used to make the foam (an important property 
affecting the drag force) was adjusted by altering the soap-to-water ratio. An agitator 
was used to mix 4 to 8 liters of water and 0.45 to 1.2 liters of Joy in the rotating 
tank. Then the tank and agitator were stopped to let the foam decay to ensure the 
uniform mixture of soap-water solution. 
4.2. Preparation of the Steady-state Foam Flow 
Since the drag force is highly sensitive to viscosity, the temperature was main­
tained at about 20°C' throughout the experiment in order to maintain a constant 
viscosity. Before taking any drag force measurements, the apparatus (rotating tank 
and agitator) was run for about one hour to reach a steady-state foam flow. Upon 
reaching steady-state, a sample (200 ml) was taken from the foam and the drainage 
rate was recorded. After the sample foam had completely collapsed, the quality, 
viscosity, and surface tension were measured (see Section 4.3). 
Before the drag force measurement, with no specimen attached to the force 
transducer, the null of the strain indicator was adjusted. Then, the highest expected 
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drag force for that specific foam was measured by loading the 101.6 Mzm-long ellipsoid 
model to the force transducer and running the tank at the highest foam velocity, about 
0.4 ml sec. The y-axis of the plotter scale was adjusted to this working range. 
4.3. Foam Property Measurement 
After the steady-state was reached, 200 ml sample foam was taken out for a 
series of foam property measurements: drainage rate, foam quality, liquid viscosity, 
and surface tension. 
4.3.1 Drainage rate measurement 
The method of drainage rate measurement is simple. A 200 ml foam sample was 
taken from the tank and left alone in the larger upper cylinder of the drainage device 
(see Section .3.2.1). The drained liquid volume was measured with elapsed time. If 
the volume V of liquid exuded is measured for several time intervals, the drainage 
rate, dVjdt, can be found; t is time. The drainage rate can be rescaled by plotting 
V/Vo against t, where Vq is the initial volume of the liquid in the foam. 
4.3.2. Foam quality measurement 
After recording the drainage rate, the foam quality was calculated by measuring 
the liquid volume obtained from the completely collapsed sample foam. For example, 
if the original 200 ml sample of foam collapsed into .50 ml of liquid, its quality is 
<j) = 0.75. 
For the experiments involving the drag as a function of velocity using smooth wall 
specimens reported in this study, the quality ranged from 0.81 to 0.88. The quality 
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ranged from 0.73 to 0.81 for the experiments performed to investigate the relationship 
between drag, velocity, and quality. For the dispersed gas bubble experiments, the 
quality varied from 0.0 to 0.64. For the rough surface model, the quality was 0.8. 
4.3.3. Liquid viscosity measurement 
After the measurement of foam quality, the liquid viscosity of the collapsed liquid 
was measured. The viscosity was determined by measuring the time it takes for a 
given quantity of liquid to flow through a capillary tube viscometer. 
Before measuring the viscosity, the capillary tube was cleaned out with the same 
soap-water solution to be measured. Four different sizes of viscometer were used 
to cover the viscous range tested. In some cases, the viscosity of the liquid was in 
the range covered by either of two nominal sizes (application overlap region). In 
these cases, both viscometers were used to compare the readings. For example, both 
nominal size 75 and 100 viscometers were used for the kinematic viscosity about .5 
centistokes, the range of either viscometer. The results obtained were very close to 
each other. 
For experiment on smooth specimens, viscosity ranged from 1.12 x 10~^Ns/m^ 
to 20.4x 10""^ The viscosity ranged from 4x 10~''^iV5/m"^ to 24x 10~^iV5/m^ 
for the experiments to investigate the relationship between drag, velocity and quality. 
For the dispersed gas bubble experiments, the viscosity was 210.6 x 10~^Ns/m^. For 
the rough surface model, the viscosity was 7.1 x 10~^Ns/m^. 
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4.3.4. Surface tension measurement 
With the same liquid, the surface tension was measured by using a ring surface 
tensiometer. Surface tension was determined by measuring the force needed to pull 
a circular wire ring free from the surface of the liquid. Three readings were collected 
on the soap-water solution, and those readings were very close to each other. The 
surface tension range varied from 0.059 Nj-m. to 0.077 iV/m in this study. 
4.4. Drag Force Measurement on Specimens 
By interchanging the specimens and varying the foam flow velocity, the drag 
force as a function of velocity was plotted on scaled graph paper on the .r — y plotter 
for a variety of shapes. For each model the drag force was measured by starting at 
the highest velocity (approximately 0.4 m/sec), reducing the velocity to zero and 
returning to the highest velocity. This was done to provide a recheck on the mea­
surements. 
The specimens were exchanged at the highest velocity and the same process was 
repeated. This procedure was used to reduce the possibility of non-uniform foam due 
to foam decay when the tank is stationary. Another advantage of proceeding from 
high velocity to low velocity was the ease of detecting the yield point immediately 
upon reaching velocity zero. 
This experimentally measured yield point could differ somewhat from the true 
yield point (effective yield point), which is theoretically defined for the foam field. 
The experimental yield point (apparent yield point) may be lower than the effective 
yield point due to the slip condition of the foam flow. 
After the completion of the drag experiments for one foam, another foam sample 
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(200 ml)  was taken out and its properties were rechecked. 
4.5. Investigating Wail Effect 
Since the foam is considered to have some properties of a Bingham plastic ma­
terial, a confined yielded region around the moving model might exist, with the 
remainder of the flow unyielded (rigid body motion). To verify the existence of this 
yield region, tests were conducted with a 19.1 mm diameter sphere positioned at 
different locations between the tank wall and the center of the foam channel. The 
sphere was located at various distances from the wall at the same depth in the foam 
flow. This was done by attaching the force transducer to a precision sliding device. 
The experiments were performed for seven different foam velocities. 
4.6. Storing Experimental Data 
After the data were written on the x — y  plotter paper (see Figure 4.1), the 
Tektronix digitizer was used to collect the data and store the data file in a VAX 
computer. By giving proper scales to both axis through the digitizer driver, the plot 
unit system was converted to the S.I. unit system. 
These converted data were written as a data file and stored in the VAX computer 
storage. This made it easier to fit the curve to the data points and to reproduce 
the output combination for certain comparison purposes. The collected data were 
modified in the computer by subtracting the drag portion on the bare stem. 
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Figure 4.1: A photograph of a sample output on x-y plotter 
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4.7. Effective Viscosity Measurement on Dispersed Gas Bubble 
Suspensions 
The pure Joy solution was used to investigate the relationship between the effec­
tive viscosity and the foam quality in the low quality range. Due to its high viscosity, 
the pure Joy solution has the ability to maintain bubbles in a liquid phase for a 
certain amount of time. The viscosity of the pure Joy solution was determined to 
be 210.6 X by using a nominal size 350 capillary tube viscometer. The 
surface tension of the pure Joy solution was measured as 0.0627 iV/m. For compari­
son purposes, the corresponding values for water are 1.12 x 10~''^iVs/m^ and 0.0734 
N/m, respectively. 
The low quality foam (or dispersed gas suspension) was produced by the me­
chanical agitation of the liquid coupled with air blowing into a large beaker. The 
combination of air blowing and agitation provided a wide range of low quality foam. 
The resulting quality range was from (f) — 0.0 (i.e., pure liquid) to 0.632. 
The sample foams were run in the concentric cylinder viscometer, and the 
drive weight-angular velocity data (proportional to shear stress-rate of strain) were 
recorded. To prevent foam decaying problems, quick measurements were done at low 
deformation rate on each foam sample. 
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CHAPTER 5. THEORY 
The theory presented in this chapter was developed by previous investigators. 
Due to lack of comparable foam flow experimental data, importing an approximate 
theory which is somewhat related to this study is useful for the purpose on analyzing 
our results. The theory introduced in Section 5.1 was developed in conjunction with 
experiments of highly concentrated emulsions by Princen [27]. Analogous to foam, 
this theory is considered adaptive to high quality foam flow in low deformation rate, 
where compressibility is negligible. 
Next, despite prevailing suspicions, foam has been considered as a Bingham-
plastic material by many previous investigators. As mentioned earlier, being dissim­
ilar to the Newtonian laminar flow, the flow pattern around the object in Bingham 
material is altered from uniform flow only within a limited range. To verify the 
fact, a thoughtful investigation on foam as a proposed Bingham material would be 
of interest. For this purpose, some derivation from the study on spheres moving in 
Bingham material by Beris et al.[l] will be introduced in Section 5.2. 
5.1. Highly Concentrated Emulsions 
An emulsion is a system consisting of a liquid dispersed, using tiny droplets, in 
another immiscible liquid. As a counterpart of dilute emulsions mentioned in Section 
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2.1, highly concentrated emulsions refer to emulsions with the volume fraction of the 
dispersed phase comparable to that of foam. It was shown by Princen [27] that the 
yield stress, Tq, of foams and highly concentrated emulsions is given by 
T o  =  I ^ m a x [ 4 > )  ( 0 . 7 4  <  < 6  <  1 )  ( 5 . 1 )  
where a is the interfacial tension, Fmax{<f>) is the mean dimensionless contribution to 
the yield s t ress  per  drop,  and 032 is  the  surface-volume mean drop radius .  Fmax[é)i  
determined experimentally from measurements of tq in a concentric-cylinder viscome­
ter, was found to increase sharply with (p. The simple dependence of Tq on cr has 
been verified. The dependence of Tq on 032, however, was found to be more complex, 
probably as a result of the finite thickness of the aqueous films separating the droplets 
of the emulsion. 
Recently, Princen and Kiss [29] revised their previous work [27]. In this new 
study, the yield stress is given by 
To = cr(t)^l'^Y{(l>)la2,2 for (f) > 0.74 (5.2) 
where Y{<f))  is a function whose value was experimentally found to be significantly 
lower than obtained in the previous study [27]. Within the range of (f) considered in 
the recent study, Y{<f)) is accurately represented by 
Y(<i>) = -0.080 - 0.1Ulog{l  -  </>) (5.3) 
up to the deformation rate, 7, of about 40 
When r > Tq, the stress and effective shear viscosity of all emulsions are de­
scribed by 




;,e = Toh + 32(0 - 0.7.3)/, 
where Ca = //a327/cr. This result is applicable when Ca < 10"^\ 
(5.5) 
The viscous term deviates from Princen and Kiss' previous model in the value of 
the exponent of Ca (i.e., 1/2 vs. 1/3). This latest model is in much better qualitative 
agreement with experiment than other recent models (Kraynik's [18] and Armstrong's 
[14]), at least for their system investigated. 
Beris et al. [1] adopted the Bingham plastic constitutive equation [40] for a 
viscoplastic material to simulate creeping motion of rigid a sphere through a Bing­
ham plastic, assuming no slip, by using the finite element/Newton method. They 
predicted large differences between Bingham-plastic and Newtonian fluid flows in the 
flow pattern around the sphere and in the drag coefficient, which depend on the di-
mensionless value of the critical yield stress, Yg. Below Yg, the material acts as a 
solid. The different portions of the flow domain and the yield surfaces attached to 
the sphere and surrounding the fluid are shown in Figure 5.1. 
The two dimensionless numbers used are the Bingham number, Ng, which mea­
sures the ratio of the strength of the yield stress to the viscous stress, and the Stokes 
(i.e., negligible inertia) drag coefficient C's. These groups are defined as 
5.2. Flow Past a Sphere in a Bingham Plastic 







Figure 5.1: Plastic and solid regions for the flow surrounding a solid sphere falling 
in a Bingham plastic material. From Beris et al. [1] 
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Table 5.1; Solution parameters for selected values of Yg. From Beris et al. |1) 
Vf? c. 
0.0 0.0 1.0 
0.001 0.007 1.17 
0.01 0.108 1.74 
0.036 0.747 3.46 
0.06 2.299 6.39 
0.088 8.047 15.24 
0.1 14.91 24.85 
0.11 27.36 41.45 
0.12 59.59 82.77 
0.13 197.5 253.2 
0.133 .340.7 426.9 
0.135 .544.6 672.3 
where is the external force acting on the sphere, rjo the plastic viscosity, Tq the 
yield stress, Rq the sphere radius and U the velocity, respectively. 
The third dimensionless parameter, Yg, called the dimensionless yield stress 
parameter, can be formed as 
Yg = 'Itqtc Rq/Fjj (5.8) 
which is related to Nq and €'$ by 
= QC'sYg (5.9) 
The calculated results for Nq, C's and Yg are in Table 5.1, and the plot 0$ versus 
Yg is in Figure 5.2. 
For comparison to our experimental results, these equations are modified in the 
form of Fjj — f{U). From the work by Beris et al., the sphere will move only when 

















Yg| = 0.143 
0 . 0 0  0.05 0.10 
Yield Stress Parameter, Yg 
0.15 
Figure 5.2: Dependence of the Stokes drag coefficient on the yield-stress parameter 
Yg. From Beris et ai. [1] 
60 
drag force. Let this limiting value be denoted and corresponding limiting external 
force Fj^ so that 
F, = ^ (5.10, 
gl  
If the external force is less than , there will be no motion of the sphere. 
Rearranging Eq. (.5.7) gives 
Fjj = QirrjoU RqCS (5.11) 
or 
TT — (5 10) 
and 
Fd _ _ 0.143 
Ff - Yg -
From Eqs. (5.6) and (5.9), 




^ tqRQ ^ 2TORO 
U = (5.15) 
U = where Uo = (5.16) 
' ^Vo 
Applying the scaling scheme from the boundary layer analysis, Beris et al. approxi­
mates 
where a = 1.031, and l3 = 0.143 as Yg approaches jS. 
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Then Eq. (5.16) becomes 
f' _ 1 ^ (/^ — ^g)" 
Uo CsYg aV} (5.18) 
as Yg approaches 3. 
From Eq. (5.1.3), 




= + l (5.21) 
F; V % 
As ^ approaches zero, 
^ - 1  +  1 . 0 1 5 - ^  ( 5 . 2 2 )  
The plot of Eq. (5.22) is given in Figure 5.3. 
Based on a perturbation analysis, Beris et al. show that the drag coefficient can 
be written as 
1 
C's = 1 + + a^NQ + higher order terms (5.23) 
or 
Cg = 1 + 1.874y^ + 1.152#^ (5.24) 
This approximate result is accurate to within 2.5 % of the finite element results for 
the entire range of N^. 
Using Eqs. (5.6) and (5.7), Eq. (5.24) can be rewritten as 








* 1 0  U/Uo 
Figure 5.3: Dimensionless drag-velocity curve for Bingham material as dimension-
less velocity approaches zero 
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The first term of Eq. (5.25) is that portion of the drag that corresponds to Newtonian 
creeping fiovv around the sphere, the second term is the yield force resulting from the 
finite yield stress of the Bingham plastic and the last term gives the shear thinning 
effect. 
5.3. Wall Effect 
By using both boundary element and finite element methods for the creeping 
motion of shear thinning fluids past a sphere in the presence of a wall, Tanner et al. 
[9, 37] found that the shear thinning characteristic can reduce the drag coefficient 
of the sphere remarkably compared to that of the case in the absence of fluid shear 
thinning. 
The study done by Beris et al. [1] on Bingham material showed the enveloped 
yielded region around the sphere and unyielded outer region where the uniform in­
coming streamlines were not affected. Since foam is considered to be a Bingham 
material, there may be an envelope region around the specimen in which there is a 
shearing motion, surrounded by an unyielded region. 
Since foam is opaque, however, visualization of the flow is not easy. Investigation 
of the wall effect, as described in Section 4.5, could be an indirect way to detect this 
region. The foam has a low density, and therefore it has a negligible inertia. In 
addition, each bubble, which is comparable to the fluid particle, is confined by the 
others. Due to these conditions, turbulent-like flow was not observed in the range of 
foam flow tested. Therefore, the wall effect for a sphere at a low Reynolds number, 
or creeping flow, in Newtonian fluid would be of interest for comparison purposes. 
The motion of a sphere parallel to a single plane wall and parallel to two external 
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plane walls was treated by Faxen [12]. For the case of a sphere falling at the position 
6 = 3/ (Figure 5.4), Faxen obtained the following resistance formula: 
"d = 1 r (8.26) 
^ 1 - 0.6526(i2o//) + 0.1475(i?o//)3-O.131(i?o/0^-0(a//)5 
A sphere located such that 6 = 3/ will rotate about an axis which is perpendicular to 
the direction of the fall and parallel to the walls. The direction of rotation is opposite 
to that which would occur if the sphere touched the nearest wall. 
For the special case where the sphere lies centered between the two plane walls, 
Faxen obtained 
p = _ (.5.27) 
^ l- 1.004(/2o/0 + 0.418(i?o//)3 + 0.21(i?o//)'^-0.169(/?o//)5 
where 2 1  is the distance between the walls. 
Faxen also determined the wall effect for a sphere and single plane wall, 
p 
^ 1 - (9/16)(i?o/0 + (l/8)(Ao/Z)3 - (45/256)(Ao/Z)4 - (l/16)(Ao//)5 
(5.28) 
One might be tempted to assume that the limiting cases for two walls could be 
built up in a simple fashion from the solution for a single plane wall and a sphere, as 
suggested by Oseen [24], by separately adding the effects. This leads to the formula 
1 - (9iZo/16)[(l//2) + (l/'2)] 
where li and Zg &re the distances of the middle of the sphere from each wall. Thus, 
this procedure results in |(i?o//) for the lead term of the wall correction in Eq. 
(5.26), rather than the correct value of 0.6526 (Rq/I). Similarly, we would obtain 
|(iZo/0 for the lead correction term in Eq. (5.27) instead of 1.004 {Roll). 
(a) 
(b) 
Figure 5.4: Direction of rotation of a free falling spheres 
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The above equations are for free falling spheres which experience rotation of the 
sphere. VVakiya [4.3] investigated the resistance of a sphere which is held fixed. The 
results suggest that the difference occurs in the second wall-correction term, which 
is order of {Rq/I)^. If we neglect the difference for our case, we can compare our 
experimental result to Eq. (.5.29) for practical purposes. The comparison of wall 
effect between this Newtonian creeping flow case and foam flow case will be followed 
in Section 6.3. 
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CHAPTER 6. RESULTS 
It has been suggested that experiments designed to measure the drag on objects 
in foam would be very difficult to perform. However, the foam generated by the 
foam machine developed for this study was uniform, and the steady-state flow was 
successfully achieved. The output plots of drag versus velocity were well defined, and 
consequently, favorable results were gathered. Therefore, the experiments proposed 
for this study were successfully performed and analyzed. 
The overall drag results on smooth surfaced models for various foams are dis­
cussed in Section 6.1. In Section 6.1, the general observation for the drag-viscosity-
quality relationship, and shape dependency are presented. A discussion on an at­
tempt to index the average bubble size by varying the drainage rate is discussed in 
Section 6.2. In Section 6.3, the wall effect investigation to verify Bingham charac­
teristics for foam is analyzed and compared with the Newtonian creeping flow case. 
The comparison of experimental results of this study with approximate theory for 
highly concentrated emulsions is discussed in Section 6.4. The drag results on rough 
surfaced models are presented in Section 6.5. Finally, experimental results on dis­
persed gas bubble suspension to explore the effective viscosity-quality relationship is 
presented in Section 6.6. 
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Table 6.1: The foam used for smooth specimen tests 
Foam ID Viscosity, /( 
N s / m ' ^ )  
Quality, o  Surface tension, a  
(vV/m) 
SCFA 1.37 0.83 0.055 
SCFB 1.12 0.82 0.059 
SCFC 1.24 0.81 0.063 
SCFD 13.0 0.88 0.065 
SCFE 7.22 0.82 0.077 
SCFF 17.1 0.82 0.072 
SCFG 15.1 0.81 0.070 
6.1. Smooth Surfaced Models 
The experimental data on eighteen different smooth surfaced models (see Table 
3.1) are plotted, and the results are fit to the power law function. The observations 
were made among drag, viscosity, and quality. These are presented in Section 6.1.1. 
In Section 6.1.2, shape dependency of fiat plates, disks, and ellipsoids is discussed. 
6.1.1. General observations 
Some of the properties of the foams used in the drag force test for the smooth 
surface specimens are tabulated in Table 6.1. Of the seven foams listed, each had 
a quality in the relatively narrow range of 0.81 to 0.88. On the other hand, the 
viscosity varied from 1.12 x 10~^ to 17.1 x 10~^Ns/m^, and the surface tension 
was in the range of 0.055 to 0.077 N/m. The drag force results are presented in 
Figures 6.1 through 6.19. As expected, drag force depends on the speed, size, shape, 
and roughness of the object, and the viscosity and quality of the foam. A thorough 
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Figure 6.1: Drag force on smooth spheres for foam ID = SCFA 
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Figure 6.2: Drag force on disks for foam ID = SCFA 
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Figure 6.3: Drag force on ellipsoids for foam ID = SCFA 
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Figure 6.4: Drag force on spheres for foam ID = SCFB 
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Figure 6.5: Drag force on disks for foam ID = SCFB 
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Figure 6.6: Drag force on ellipsoids for foam ID = SCFB 
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Figure 6.8: Drag force on disks for foam ID = SCFC 
0 . 0 8  
0 . 0 6  
0.04 




0 . 0 0  
103.8 mm 
0 . 0 2 L _  
0 . 0  0 . 2  0 . 1  0.3 0.4 
Foam Velocity ( m/sec ) 
Figure 6.9: Drag force on ellipsoids for foam ID = SCFC 
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Figure 6.10: Drag force on spheres for foam ID = SCFD 
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Figure 6.11: Drag force on disks for foam ID = SCFD 
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Figure 6.12: Drag force on ellipsoids for foam ID = SCFD 
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Figure 6.13: Drag force on spheres for foam ID = SCFE 
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Figure 6.14: Drag force on disks for foam ID = SCFE 
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Figure 6.19: Drag force on flat plates for foam ID = SCFG 
88 
Table 6.2: Constants for the curve fit equation for foam I D  =  S C F À  
Model no. a  b  c 
2 0.0427 0.3522 0.0048 
3 0.07.38 0.3904 0.0109 
4 0.1469 0.3689 0.0210 
5 0.0625 0.3582 0.0150 
6 0.0719 0.3058 0.0173 
7 0.0891 0.3894 0.0178 
8 0.1182 0.4016 0.0182 
9 0.0721 0.3572 0.0162 
10 0.0804 0.3831 0.0164 
11 0.0847 0.3837 0.0165 
12 0.0906 0.3953 0.0165 
13 0.0935 0.3879 0.0164 
14 0.10.52 0.3967 0.0146 
15 0.1299 0.4002 0.0116 
16 0.1973 0.4009 0.0122 
The drag-velocity data were fit to a general equation of the power law type 
F j ^ = a U ^  +  c  ( 6 . 1 )  
where a, b, and c are constants dependent upon the specimen and foam properties. 
With the given values of a, b, and c, the unit on Fj^ is in N when U is in m/sec. To 
fit the curve, a least squares regression analysis was applied to the data points. 
Tables 6.2 through 6.8 show the tabulated coefficients after modifying for the 
stem effect. That is, the drag on the bare stem supporting the model was subtracted 
from the measured drag that was generated by both the model and the stem. Recall 
that the specimen size and shape are related to the model no. as given in Table 3.1 
and Figure 3.5. 

































Constants for the curve fit equation for foam I D  =  S C F B  
0.0327 0.3738 0.0054 
0.0563 0..3914 0.0104 
0.1103 0.3889 0.0247 
0.0510 0.3888 0.0140 
0.0609 0.3818 0.0128 
0.0689 0.3771 0.0139 
0.0882 0.3728 0.0142 
0.0551 0.3730 0.0128 
0.0594 0.3833 0.0125 
0.0627 0.3784 0.0115 
0.0685 0.4047 0.0125 
0.0705 0.3877 0.0111 
0.0848 0.4066 0.0103 
0.0977 0.4018 0.0121 
0.1651 0.4336 0.0127 
Constants for the curve fit equation for foam I D  =  S C F C  
a  
0.0330 0.4119 0.0046 
0.0516 0.3841 0.0090 
0.1066 0.4039 0.0190 
0.0427 0.3904 0.0116 
0.0468 0.3898 0.01.36 
0.0575 0.3997 0.0133 
0.0738 0.3792 0.0131 
0.0456 0.3365 0.0099 
0.0485 0.3762 0.0118 
0.0508 0.3708 0.0109 
0.0545 0.3812 0.0109 
0.0551 0.3533 0.0101 
0.0642 0.3925 0.0118 
0.0813 0.3897 0.0118 

































Constants for the curve fit equation for foam I D  = S C F D  
c  
0.1234 0.3716 0.0140 
0.2090 0.3672 0.0235 
0.4067 0.3787 0.0523 
0.2104 0.4227 0.0284 
0.2415 0.4251 0.0296 
0.2807 0.4293 0.0301 
0.3653 0.4364 0.0317 
0.2390 0.4460 0.0251 
0.2581 0.4732 0.0220 
0.2585 0.4586 0.0240 
0.2609 0.4376 0.0240 
0.2928 0.4658 0.0236 







Constants for the curve fit equation for foam I D  =  S C F E  
0.0752 0.4105 0.0056 
0.1219 0.4031 0.0119 
0.2308 0.3941 0.0262 
0.1090 0.4326 0.0130 
0.1288 0.4426 0.0142 
0.1498 0.4379 0.0140 
0.1903 0.4323 0.0157 
0.1181 0.4170 0.0121 
0.1306 0.4449 0.0125 
0.1361 0.4418 0.0123 
0.1444 0.4343 0.0118 
0.1491 0.4349 0.0124 
0.1571 0.4035 0.0147 
0.2009 0.4221 0.0165 
0.2918 0.3986 0.0173 
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Table 6.7: Constants for the curve equation for foam I D  = S C F F  
Model no. a  b  c 
2 0.1122 0.4512 0.0060 
.3 0.1747 0.4099 0.0129 
4 0.3376 0.4150 0.0325 
5 0.1660 0.4258 0.01.35 
9 0.1841 0.4087 0.0142 
16 0.4223 0.4281 0.0304 
17 0.1819 0.4669 0.0082 
18 0.2356 0.4458 0.0102 
19 0.2910 0.4380 0.0159 
Table 6.8: Constants for the curve equation for foam I D  =  S C F G  
Model no. a  6 c 
2 0.1192 0.4592 0.0054 
3 0.1960 0.4677 0.0100 
4 0.3488 0.4396 0.0258 
5 0.1649 0.4444 0.0111 
9 0.1847 0.4637 0.0110 
16 0.4432 0.4597 0.0249 
17 0.1857 0.5316 0.0083 
18 0.2345 0.4842 0.0090 
19 0.2903 0.4776 0.0122 
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relationship for various kinds of models. There is an apparent yield force (represented 
by the value of c) which must be reached before the specimen moves. Since it is very 
difficult to obtain precise measurements at very low velocities, the precise character of 
the drag-velocity relationship near zero velocity is not clear from the data obtained. 
In the lower velocity region, the drag is strongly dependent on the velocity. A slight 
decrease in velocity produces a large decrease in drag. This phenomenon might have 
happened due to the slip condition at the wall under effective yield stress of a foam. 
This could be explained as a strain recovery and can be seen as an elastic material 
that is one of foam's characteristics. When the velocity decreases to the limit where 
the shear stress does not exceed the foam yield stress, the deformed foam matrices 
suddenly release their residual stress. This strain recovery process could be possible 
due to the slip condition of foam at the wall. 
As mentioned earlier, this limit value of shear stress is considered to be an 
effective (true) yield stress of foam, and the yield stress on the plot of drag at zero 
velocity is an apparent yield stress, whose value is lower than effective yield stress. 
In other words, the effective yield stress is the theoretically defined yield stress that 
could be measured experimentally by correcting for the slip velocity. The apparent 
yield stress is the experimentally measured yield stress. There is evidence [46] that 
the experimentally measured yield stress is lower than the true foam field yield stress. 
In any case, the data, when plotted over the velocity range indicated, show that 
the existence of yield force and shear thinning characteristics represent a reasonable 
approximation of the observed characteristics. The fact that the parameter b is less 
than one for each case indicates a shear thinning characteristic. An increase in size 
of the sphere produces a corresponding increase in drag force (e.g.. Figure 6.1), with 
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Table 6.9: The drag force on different sizes of spheres and the drag force ratios for 




( m / s e c )  
Drag force (N) Drag ratio 
% F D , / P D ,  
SCFC 
0.1 0.0174 0.0303 0.0611 1.74 3.51 
0.2 0.0216 0.0368 0.0746 1.70 &43 
0.3 0.0247 0.0415 0.0845 1.68 3.42 
SCFD 
0.1 0.066 0.113 0.222 L 1.71 3.36 
0.2 0.082 0.1.39 0.273 1.70 3.33 
0.3 0.093 0.1.58 0.310 1.70 3.33 
similar velocity dependence. 
Figures 6.20 and 6.21 show the relationship on drag force versus sphere diameter. 
In the case with foam ID = SCFC (see Table 6.1 for correspond foam properties), 
the drag for sphere of diameter = 19.1mm is 0.0174 iV at foam velocity 0.1 
misec. Similarly, the drag for diameter D-j = 25.4mm and Dg = 38.1mm spheres 
are 0.0303 N and 0.0611 N, respectively, at foam velocity 0.1 m/sec. Table 6.9 
shows the tabulated calculated results and drag force ratios between different sizes 
of spheres. 
As can be seen in Table 6.9, the ratios of the drag force at a constant speed 
for the different diameters, and are approximately constant. 
It is recalled that for Stoke's flow of a Newtonian fluid past a sphere the drag is 
proportional to the sphere diameter. Hence if foam were a Newtonian fluid the drag 
ratios would be = D2/D-^ = 25.4/19.1 = 1.33 and F^^^/F^)^ = D^/Di 
= 38.1/19.1 = 2.0 rather than the actual value given in Table 6.9. 
In the sense that under constant agitation the bubble diameter is specified as 
a unique function of the given liquid viscosity and the foam quality, and the bubble 
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Figure 6.20: Drag force as a function of sphere diameter on foam ID = SCFC 
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Figure 6.21: Drag force as a function of sphere diameter on foam ID = SCFD 
96 
diameter is taken to be an implicit function of the liquid viscosity and the foam 
quality at steady-state. It should be emphasized here once again that, in general, 
the effect of bubble diameter must be investigated. Since the actual measurement of 
average bubble diameter is not easy in a dynamic situation, development of another 
parametric method is desirable. We considered the foam drainage rate as an index 
of bubble size. Some thoughtful suggestions with our attempt regarding the foam 
decaying rate follow in Section 6.2. 
Under the assumption that the surface tension and average bubble size are im­
plicit functions of liquid viscosity and foam quality for our case, the drag force is now 
a function of liquid viscosity and quality. The dependence of the drag force on the 
viscosity and quality are shown in Figure 6.22 for the 38.1-mm diameter sphere at a 
velocity of 0.3 m/s. The results of the two types of experiments are represented on 
this three-dimensional graph. The solid dots are the results of the experiments run 
for arbitrary combinations of viscosity and the foam quality. The triangles and pluses 
are the results of experiments performed at different qualities, but with constant vis­
cosities of 12.9 X 10"^ and 4.68 x respectively. By observing the drag 
force-quality plane, we can notice that the data sets are consistent in giving drag 
a unique function of quality and viscosity, and form a surface in three-dimensional 
space. 
As shown in Figure 6.22, the drag force increases with increasing viscosity or 
increasing quality. When viewed from the microscale on the order of the size of the 
foam bubbles, it is clear that the viscosity of the liquid making up the films between 
bubbles should play a role in the drag force [14]. The larger the viscosity, the larger 
the drag force. Similarly, as the quality is increased, the average liquid film thickness 
Figure 6.22: Relationship for drag force-viscosity-quality for .38.1 mm sphere at foam velocity 0.3 m/sec 
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is decreased and the shear force is increased. That is, for a given velocity difference 
across the liquid film, drier foams (high quality foam) have a larger velocity gradient, 
and therefore a larger viscous stress. 
Figure 6.2.3 shows the projection of drag force at the constant viscosity onto the 
drag force-quality plane. The general curvature of the data points show that the 
power function relationship between drag force and foam quality. However for each 
viscosity, the drag data at the largest quality do not appear to lie precisely in line 
with the remaining data. Although inaccurate data could explain this discrepancy, 
it is considered that the data are correct since the same phenomena occur for the 
two different sets of data at approximately same foam quality. Hence, the following 
concept may explain this unexpected behavior. 
From an idealized two dimensional model analysis, the value of the quality for 
the case of foam where the circular bubbles just touch each other without deformation 
is 0.9069. This is shown in Figure 6.24. Similarly, the approximate value of 4> that is 
of interest for the theorist in the 3-dimensional case is 0 = 0.7405. For convenience, 
the term "high quality foam" can be used to refer the foam quality in the range 
0.7405< 4> <1. In high quality foam, the capillary number, Ca (see Section 2.1), has 
significant meaning, since the surface dominating factors, such as the surface tension 
and bubble diameter, are important in bubble interactions. 
Consider the fact that an ideally monodisperse system is expected to already 
develop a finite yield stress at (f) = 0.6046, which is the volume fraction beyond 
the layers of closely packed spheres which can no longer slip past each other, i.e., 
when these layers are stacked at a repeating distance of less than their diameters, 
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Figure 6.24: The sketch of two-dimensional ideal foam when (^=0.9069 
liquid 
Figure 6.25: The sketch of monodisperse foam when the closely packed spheres just 
slip past each other 
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bubble collisions and/or interferences no longer exist. In this ideal case, the bubble 
interaction relations between the drag and surface functions become less important. 
In the case of an actual (i.e., not monodispersed) foam, however, the quality limit of 
this functional transition is uncertain due to the random distribution of bubbles. The 
largest (p data points of Figure 6..38 may be just the beginning of such a functional 
transition. 
6.1.2. Shape dependency 
Figures 6.26 and 6.27 show the shape dependency of drag force on flat plates 
parallel to the flow. By observation, the drag force increases almost linearly with the 
length of flat plate at a given velocity. Under careful examination, however, a slight 
slope increase with the increasing plate length can be found. If we calculate the wall 
shear stress for 50.8 mm-long flat plate in foam type ID = SCFF at a foam velocity 
0.3 ml sec, we obtain 
_ F d  
C^=0.3 2,4 = 43.37 NIrr? (6.2) U=0.3 
where A is the area of one side of the flat plate. The results following the same 
calculation for foams ID = SCFF and SCFG are shown in Table 6.10. 
As can be seen in Table 6.10, the shorter the plate, the higher the wall shear 
stress. This result indicates the possibility of the boundary layer growing along the 
plate. However, the theoretical concept of the boundary layer has not been introduced 
into foam rheology. Indeed the usual concept of boundary layer flow in which inertia 
effects are dominant is probably not correct for this flow. Because of the relatively 
small density (foam is mostly air, (j) ~1) and large viscosity, foam flow was observed 
to be more nearly like Stoke's flow (negligible inertia) than like a boundary layer flow. 
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Figure 6.26: Shape dependency of drag force on flat plate for foam ID = SCFF 
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Figure 6.27: Shape dependency of drag force on flat plate for foam ID = SCFG 
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Table 6.10: The wall shear stress on flat plates for foam I D  —  S C F F  and SCFG 
at foam velocity U = 0.3 m/sec. (plate length, L is in mm, Fjj is in 
i V ,  a n d  T  i s  i n  N / m ' ^ )  
Foam ID /l=50.8 /2=76.2 1 /_'^ = 101.6 T4l/r42 rjl/rjS 
SCFF 1.12 1.479 1.88 
^.4 43.37 38.22 36.43 1.05 1.19 
SCFG 1.062 1..399 1.756 
r,4 41.16 .36.15 .34.02 1.06 1.21 
That is, once the driving force was stopped (i.e., stop the rotation of the tank), the 
foam would essentially stop immediately. 
Another interesting observation in Figures 6.26 and 6.27 is the slope increase 
with velocity increase. For example, the relative slope of the case of foam velocity U 
= 0.3 m/sec is higher than the other cases with smaller foam velocities. No immediate 
explanation is available for this curious finding. 
The shape dependency of drag on disks was similar to the flat plate case (Figures 
6.28 and 6.29). Since the disks have the same diameter for oncoming flow, most of 
the drag differences were assumed to have been produced by the shear forces on the 
side wall. 
Figures 6.30 and 6.31 show the shape effect for different aspect ratios of ellipsoids. 
As expected, the drag for ellipsoids as 1/D approaches zero is the same as the drag 
for disks when l/D approaches zero. In the case of foam ID — SCFD (Figure 
6.30), drag approaches 0.11 N when l/D approaches zero. This is the comparable 
case of the disks as l/D approaches zero, which shows about the same value in foam 
ID = SCFD in Figure 6.29. With increasing l/D, the viscous force might become 
more significant, and therefore the shape of slope becomes similar to that of a flat 
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plate. 
The plot of drag ratio (drag on ellipsoids/drag on sphere) as a function of foam 
velocity is shown in Figure 6.32. In general observation, the drag ratios are about 
constant. This result is comparable with low Reynolds number flow in Newtonian 
fluid case [23], 
6.2. Drainage Rate 
The drainage rate concept introduced in Section 3.2.1 has been used as an index 
for determining foam stability by chemists. Bikerman [4] pointed out, however, that 
stability depends more on the foam rupture process, which differs from the drainage 
process. Therefore, the significant relationship between the rate of drainage and the 
rate of foam collapse has not been found. 
We propose that the drainage rate would depend on the liquid viscosity (i.e., the 
viscosity of the liquid portion of the foam), the foam quality, and the average bubble 
size. If the liquid viscosity and foam quality remain the same, the drainage rate will 
be a function of the average bubble size, assuming the validity of our hypothesis. 
There are two independent mechanisms which contribute to the liquid cumu­
lation in the lower chamber of the drainage rate device (see Figure 3.4). One is 
the rupture of bubbles and the other is drainage due to gravity. Bubble ruptures 
are closely related to foam stability. Therefore, one additional assumption might be 
needed for the drainage rate to be an index of bubble size: the foam should be stable 
so the liquid cumulation is mostly contributed by the drainage process. During the 
test, the foamy liquid used in our experiment was very stable, and few ruptures were 
observed. 
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Figure 6.29: Shape dependency of drag force on disks for foam ID = SCFD 
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As a general observation, the speed of the agitator used to produce the foam in 
our experiment changed the bubble size, drainage rate, and drag force. Faster stirring 
produced smaller bubbles and a corresponding higher drag force. The drainage rate 
was faster for a larger bubble size. The foam with the smaller bubble size has a 
more complex liquid drain path than does the larger bubble size. Therefore, the 
drainage rate is slower. Starting agitation of the foam or changing the agitator 
speed temporarily produced a transient state that existed until the steady-state was 
obtained. In our experiment, approximately one hour was allowed to ensure steady-
state operation. By using a microscope, the approximate magnitude of the average 
bubble diameter in the steady-state was measured to be about 100 /im . Although this 
is only an order of magnitude estimate, it does provide an indication of the "fineness" 
of the foam used. 
A. general observation of the transient state was a change in bubble size. It was 
verified that the drainage rates also gradually changed during the transient state and 
remained the same at the steady-state as shown in Figure 6.33. Figure 6.34 shows 
the drainage rates for various foams at the steady-state. As was introduced [4] from 
the typical curvature of drainage rate plot, the curve fit equation has the following 
expression. 
where V  is the cumulating drained liquid volume, V o  is the total liquid volume in the 
foam, and k is the empirical constant. 
In our hypothesis, the empirical constant reflects the constant slope in a log-log 
plot. That is, the constant might be closely related to the complexity of drainage 
^ = kVoe-^^ = k(Vo-V) (6.4) 
(6.3) 
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Figure 6.33: Drainage rate on transient state-foam and steady-state foam 
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path, which is again governed by the average bubble size, under constant foam quality 
and liquid viscosity. In the actual experiment, however, it was not easy to produce 
different average bubble sizes while the quality and viscosity remain unchanged. This 
may be because the average bubble size has a close functional relationship with qual­
ity. Being acquainted with the above experimental difficulty, one might investigate 
the functional relationships among the drag force, drainage rate, viscosity, and foam 
quality by using a statistical scheme such as analysis of variance, if a sufficient amount 
of experimental foam flow data are accumulated. A more through investigation in 
this area may provide useful information related to foam properties. 
6.3. Wall Effect 
The flow around an object located near a wall can be influenced by the wall. The 
wall effect for drag on a sphere moving through foam near a wall is shown in Figure 
6.35. This result is for a 38.1 mm diameter sphere located at various distances from 
the wall. As discussed in Section 4.5, this was accomplished by locating the sphere at 
various distances from the wall at the same depth in the foam flow. The data points 
show there is considerable interaction (i.e., increased drag) when the sphere is close 
to the wall, while there is no effect away from the wall. 
Figure 6.36 shows the comparison of normalized wall effect between the case of 
foam flow and the case of Newtonian creeping flow case. The Newtonian creeping flow 
case is a plot of Eq. (5.29). The plot is normalized for the shape comparison purpose 
by dividing the drag force by each minimum drag force and location by sphere radius. 
By comparison with the Newtonian creeping flow case, the limited wall effect range 
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Figure 6.35: Drag variation for the 38.1 mm diameter sphere in the foam flow as a 
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Figure 6.36: Comparison of a normalized wall effect between foam flow and Newto­
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Since foam can be considered to be a Bingham material, it is of interest to 
evaluate the expected range of the yield region around the sphere. If the distance 
between the sphere and the wall is greater than the width of the yielded region, the 
wall will have no effect on the drag. The range of the yielded region for Bingham 
material can be predicted by using the theoretical results obtained by Beris et al. [Ij 
for flow of the Bingham material past of a sphere. Following the Bingham theory, 
the yield region depends on the dimensionless yield stress parameter, 
Yg = 2 tqtv F?oI (6-5) 
As can be seen in Figure 6.35, the wall effect was investigated using several different 
f o a m  v e l o c i t i e s .  T h e  f o a m  h a d  a  l i q u i d  p h a s e  v i s c o s i t y  / <  =  2 . 8  x  1 0 ~ " ^ a n d  a  
quality (p = 0.8. In this case, D — 0.0381m or Ro = 0.0191m, and Fj^ |ff_Q 3 = 0.135iV. 
This drag value is comparable with that of foam ID = SCFA, which is Fj^ |{/-_Q 3 = 0.138, 
Since the shape of foam curve is analogous on same model, choose the value Fq = 
0.021 from the foam ID — SCFA. By using Eq. (5.25). 
'D ir-Q = FQ = 43.4 toRq (6.6) 
or 
To = ^ = 1.33 N/m'^ (6.7) 
(43.4)(0.0191m)2 
From Eq. (6.5), Yg = 2(1.33Af/m2)7r(0.0191m)2/(0.135iV) = 0.0226 
Figure 6.37, obtained from the results of Beris et al., shows how the size of 
the yield region depends on Yg. With Yg = 0.0226, the outer yield surface for this 
yield stress is approximately 5 Ro away from the sphere. From observation of the 
experimental results in Figure 6.36, however, the yield surface is approximately 0.5 
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Ro from the sphere for a foam velocity 0.3 m I sec. That is, the wall effect (i.e.. 
increase in drag) is negligible unless the sphere is closer than one radius from the 
wall. It should be noted that the apparent yield stress was used in the equation 
instead of the effective yield stress. Therefore, the Yg value is evaluated lower than 
the true value. 
6.4. Comparison with Existing Foam Theory 
In this section we will compare our experimental results to the approximate 
foam theory given by Princen et al. [29], which is introduced in Section 5.1. In 
this section, therefore, an attempt will follow to estimate the average bubble size 
by the approximate foam theory using available experimental data. For the sample 
calculation, choose the 101.6 mm flat plate data from the expriment ID = SCFF 
(see Table 6.7), for which the foam properties are 4> = 0.81, // = 17.1 x lQ~^Ns/m'^ 
and a — 0.072#/m. The experimentally determined drag (apparent drag) equation 
is 
F J) = 0.2910 f70-4380 + o.0159 (6.8) 
where U is foam velocity in mjsec and Fjj is the drag force in N. The capillary 
number is defined as 
Ca = fia-ylcr (6.9) 
We can obtain an approximate value for the shearing ratio as follows. If we assume 
that the yield region is about 0.01 m at a foam velocity 0.3 m/sec, which is determined 
from the wall effect analysis in Section 6.3, and assume a linear velocity profile inside 
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the unyielded region, then the order of the shearing rate is approximately 
0.3 m I  sec  
= 30 sec ^ ( 6 . 1 0 )  
0.01 m 
Therefore, Eq. (6.9) becomes 
Ca =  (17.1 X 10~'^iV5/m2)(.30s~l)/(0.072iV/m)a = (0.0369/m)a (6.11) 
where a  is in meters. 
As mentioned earlier, the direct measurement of the average bubble size is not 
easy. Although there was no precise measurement of the average bubble size through­
out the experiment, one trial was made by observing a sample of the foam (see Section 
6.2). By using a microscope to view foam contacting a transparent film, the number 
of bubbles in a unit length was counted. This conventional method, using a stationary 
sample of foam and a film contacting the bubbles under a microscope, might result 
in a larger value of the bubble size than from foam moving in the tank. This attempt 
determined about 100 f.im as the average bubble diameter. With this approximate 
bubble radius, a = .50 fi m, the capillary number is Ca — 1.85 x 10~®. This is smaller 
than lO"'^, the limit for which the theory used below is valid (see Eq. 5.2). In this 
case, the yield stress is given by Eq. (5.2). 
To - cr a 
where Y(4>) = —0.080 — 0.114 log(l — (p) 
(6 .12)  
or with (t> — 0.81, 
Y{(j)) = 2.22 X 10"^ (6.13) 
Substituting all the values into Eq.(6.12) yields 
To = 1.49 X 10~^/a (6.14) 
Now, the effective shear expression from Eq. (5.4) is 
r = To + 32(^ - 0.7.3)(6.15) 
a  
or 
1.49 X 10-4 3.54x10-2 
T 1 %= (6.16) 
a s/a 
where r is effective shear stress in N/m^ .  
From the experimental results, the apparent drag force at the velocity U = 
0.3 m/sec for the flat plate calculated from Eq. (6.8) is 
Fj^  = 1.88 X IQ-^ iV (6.17) 
Therefore, the average apparent shear stress, r^, is 
ta = F^/2.4 = .36.43 N/m'^ (6.18) 
Although the apparent shear stress is lower than the effective shear stress, by as­
suming that both shear stresses are same order of magnitudes, we can calculate the 
average bubble size by using Eq. (6.16) That is, 
36.43 = (6.19) 
a y/a 
By letting x  — \/a, the equation can be transformed to 
36.43a;2 - 3.54 x 10~'^x - 1.49 x 10"^ = 0 (6.20) 
The positive value of .r is found to be x  =  2.57 x 10""^ or a = 6.58 x 10~®m. From 
this calculation, the approximate average bubble diameter is about 13 fim. This value 
is smaller by a factor of about 1/8 when compared to the measured average bubble 
diameter d = 100 fim. By considering that the bubble size measured in contact 
with the wall may be different than that inside the foam, and the several rough 
assumptions made for the comparison, this result could be considered comparable to 
that given by the approximate theory. 
6.5. Rough Surfaces 
The dependence of drag force, Fjj, on the surface roughness, £, is shown for 
spheres and flat plates parallel to the flow in Figures 6.38 and 6.39. In each case, 
it is shown that the rougher the surface, the larger the drag force. Although this 
behavior is not found for the laminar flow of Newtonian fluids past objects, it is 
found for turbulent boundary layer flow of a Newtonian flow. For such cases, the 
surface roughness elements protrude into or through the viscous sublayer and affects 
the wall shear stress [23]. A related phenomenon is not unexpected for the flow of 
foam. On the macroscale, foam can be thought of as slipping along a stationary 
solid surface. That is, the usual non-slip boundary condition valid for viscous fluids 
is not appropriate for foam. Apparently the amount of slip realized is a function 
of the surface roughness, as has been shown for the flow of foam in pipes [41]. On 
the microscale, the surface roughness alters the flow associated with the bubbles (or 
cells) near the surface and thereby alters the shear stress at the wall. 
Note that although the roughness-induced increase in drag is not extremely large, 
for a given roughness it is the same amount at any velocity. Thus, for example, the 
drag versus velocity curves of Figures 6.38 and 6.39 are similar in shape, but merely 
displaced in the vertical (force) direction. To explain this phenomenon, an evaluation 
of the film thickness at the wall is needed. By using the idealized 3-dimensional foam 
model, expressions for foam parameters in terms of geometry can be derived [46]. 
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The relationships for expansion factor $ is 
d ^7 $ , and ^ = -4 (6.21) 
it \' i 
where t is the thickness of a bubble film, d is the bubble diameter, Vj: is the volume of 
the foam, and V] is the volume of the liquid. The quality of the foam used for rough 
surface experiment is (p = 0.8 or the expansion factor 4* = 1/0.2 = 5. If we assume 
that the bubble diameter d = 100 //m, then from Eq. (6.21), the thickness of bubble 
film, t, is about 6.7 //m. Since the foam used in this study (real foam) is not an ideal 
foam, the film thickness could differ somewhat from the ideal case calculated by Eq. 
(6.21). In addition, the thickness of the boundary liquid layer may be different than 
the bubble film thickness. There is experimental evidence [46], however, that the 
actual liquid layer for a real foam is the same order of magnitude as the thickness of 
the bubble film calculated. 
As can be seen in Figures 6.38 and 6..39, the roughness of the specimens was 
from 44 //m to .589 fim. That is, the roughness scale is expected to be much bigger 
than the length scale of the wall liquid boundary layer. On the other hand, the length 
scale of the actual bubbles, if assume that average bubble diameter 100/^m , have the 
same order of magnitude with the roughness scale. Therefore, from a microscopic 
point of view, the partial capture of the bubbles in the spaces between intrusions 
could be imagined. In this case, if the z-component (foam flow direction) of force 
acting between the bubbles and intrusions exceeds the yield stress of the foam field, 
deformation and partial relocation of the bubbles will arise. Figure 6.40 describes 
this conceptual microscopic foam flow at rough surface boundary condition. Since 
the roughness and bubble sizes are randomly distributed, this partial slip and reloca­
tion would not happen at the same time for the entire row of foam cells, as idealized 
for foam on a smooth surface. The possibility of cutting the foam matrix, how­
ever, will increase in the cases with bigger roughness. Since this static x-component 
force is dependent on the geometrical distribution between bubbles and intrusions, 
roughness-induced increase in drag is not a function of foam velocity, and the same 
amount of drag force increase results for given roughness at any foam velocity. 
Figure 6.41 may support this hypothesis. In this figure, the drag on a 38.1 
mm-diameter sphere is plotted as a function of surface roughness. Although the 
supporting data are not extensive, it appears that once the roughness reaches a 
certain value, the drag force does not greatly increase with a further increase in 
roughness. From the hypothesis, the maximum variation due to the roughness would 
be equal to or less than the effective yield force of the foam. The variation of drag 
force due to roughness is confined to approximately 0.03 N, which is even less than 
apparent yield force of this foam. 
Since surface roughness reduces the amount of slip at the surface, comparison 
with the Bingham theory introduced in Section 5.2 would be of interest. This the­
oretical study incorporated the usual no-slip boundary conditions. From the Eq. 
(5.25), 
= {3TrT]oD)U 4- 10.9roD^ + 11 .Q\JTJOTOUD^ (6 .22)  
if we obtain the yield force, Fq, at zero foam velocity, 
Fo = F [1=0 ~ 10-9 (6.23) 
Then 
ZirrjoU D 




Figure 6.40; Conceptual sketch of microscopic foam flow boundary condition at a rough surfaced wall 
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or 
/ TQD loU (6.25) 
or 
Fn U 
= 1 + 0.865— + 1.615 (6 .26)  
where UQ = TOD/TJO. 
To plot Eq. (6.26), TQ and TJO values are needed. These two parameters can be 
obtained from the sphere drag data, so that the FQ value in Eq. (6.23) is from the 
experiment. The derivative of Eq. 6.22 is 
If U goes to infinity, the curve will be a straight line with a slope of ZTTTJOD. 
This analysis can be applied to the rough surface sphere data, since the rough 
surface can be considered as having less slip, perhaps even no-slip, on the boundary. 
The theoretical results from which the above analysis was obtained assumed the no 
slip boundary conditions. For example, in the case of 38.1 mm sphere with roughness 
420-589 iim in foam ID = SCFG, we can fit a Bingham plastic Fj^ versus U curve 
through two points to evaluate FQ and T]. By subsituting the experimental data 
Fjj = 0.167 N at 0.12 ml sec and Fj^ = 0.203 N a,t U = 0.424m/sec, Eq. 6.22 yields 
By using a simultaneous non-linear equation solver, subroutine NEQNF in IMSL, 
from Eqs. (6.27) and (6.28), we obtained for Tq — 8.3619 and rjo = 0.0602. With 
these values, 
1 j 2 1 
^ = Z-KrjoD + n.6\J t]oToD^{-—=) (6.2T) 
0.167 = 0.01582 To + 0.04309 Tjo + 0.0453y^yr^ (6.28) 
0.202 = 0.01582 tq + 0.15261 rjo + 0.0853/^^^ (6.29) 
FQ = 10.9 TQD^ = 0.132 iV (6.30) 
131 
and 
l o = tqD / i]o = 5.29 m/sec (6.31) 
Substituting values from (6.29) and (6.30) into Eqn. (6.2.5) provides the curve fit 
equation using Bingham theory as shown in Figure 6.42. As can be seen in Figure 
6.42, the data show more rapid shear thinning curvature than that predicted by 
Bingham theory. This probably resulted due to the fact that partial slip still occurs 
on rough surfaces, and therefore the apparent slope of the drag curvature differs from 
that of non-slip case. If we assume no-slip on a rough surface, the foam material may 
be a combination of Bingham plastic and pseudoplastic; this has not been clearly 
explained yet. 
6.6. Dispersed Gas Bubble Suspensions 
High expansion foam (or dry foam), which is the case when 4> approaches unity, 
has been in the spotlight for most of the previous experimental and theoretical work. 
This was mainly because of the following reasons. In most experimental cases, a 
conventional air injection type foam generator was used, generating high expansion 
foam. For the viscometer experiments, leakage and rupture problems, due to the un­
stable nature of foam, limit the 4> range for which accurate results can be obtained. 
In theoretical cases, due to complexity of analyzing the liquid film flow at the mi­
croscopic scale in randomly distributed three-dimensional bubbles, current studies 
have been restricted to the idealized foam structures with a limited range of high 
expansion foam. 
As indicated by the result of this study, high expansion (</) ^ 1) foam behaves 
as a shear thinning material. On the other hand, a dilute suspension {4> ~ 0) of a 
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Figure 6.42: Curve fit by using Bingham theory to the 38.1 mm dia. sphere with 
roughness 420-589 nm 
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gas in a liquid hehaves as a Newtonian fluid. It is of interest to determine how this 
transition from a Newtonian to a non-Newtonian character takes place as é varies 
from 0 to 1. To do this, a simple rotating-cyhnder viscometer was used to determine 
the shear stress versus rate of strain character of low quality foam. The results are 
presented in this section. 
As mentioned earUer, a continuous beating (agitation) method was used to gen­
erate foam in the present study. Thus, a wide range of (f) could be achieved. To 
achieve sufficiently stable foam at a low quality, a pure Joy solution (not mixed with 
water) was used because of its high viscosity, measured as /z = 210.6 x Ns/Tn^ 
by use of a capillary tube viscometer. In this case, both the air injection and the 
agitation method were used to produce foam. The foam produced by this combina­
tion was found to be stable for a sufficient period of time to run tests in a concentric 
cylinder viscometer even at low range of (f). Figure 6.43 shows the results plotted as 
drive weight (proportioned to shear stress) versus angular velocity (proportional to 
rate of strain) from the concentric viscometer tests on foams with various <f>. 
As can be seen in Figure 6.44 (a normalized plot of the data in Figure 6.43) 
the shear thinning characteristics increase as (j) increases. The apparent viscosity of 
different foams was calculated by comparing the slope of each plot in Figure 6.43 
with the viscosity of the liquid itself. That \s ji — when (f) — Q. The slopes were 
calculated by linear regression analysis. The results are tabulated in Table 6.11. 
For the cases oi 4> = 0.0, 0.17, and 0.27, the data show an almost Newtonian 
relationship: the shear stress is a linear function of shear rate. The cases oi (f) = 0..5, 
0.56, and 0.63 show apparent non-Newtonian characteristics. That is, shear stress 
is not a linear function of rate of strain, and a slight shear thinning charateristic is 
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Table 6.11: The apparent viscosity ratio for different expansion ratios. The viscosity 
and surface tension of a liquid phase are 210.6 Cst and 0.0627 lY/m 
à correlation coeff, 
0.0 0.999 1.00 
0.165 0.998 1.82 
0.268 0.9978 2.29 
0.505 0.989 b.72 
0.564 0.9656 7.72 
0.632 0.8329 12.68 
observed. 
Figure 6.45 shows the relationship between effective viscosity and quality. The 
effective viscosity parabolically increases with foam quality increase. As an order 
of magnitude calculation, assume Stoke's flow of a Newtonian fluid to estimate the 
approximate effective viscosity of the actual foam flow. For example, for the case of 
a sphere of diameter 25.4 mm in foam ID = SCFE at foam velocity 0.3 ml sec, the 
Stoke's drag based on the viscosity of the soap-water solution is 
^D(liquid) = ^ ^URo^l 
= 67r(0.3m/5ec)(1.27 x 10~^m)(7.22 x 10~^iVs/m") 
= 5.19 X 10~'^iV 
The actual drag is (see Table 6.6) 
^D(foam) = c = 0.1219(0.3)0-4031 + 0.0119 
= 8.69 X 10~^A^ 
Therefore, the viscosity ratio is 
^D(foam) ^ (8.69 x 10"^) ^ 
^D{liquid) (5.19 x 10 4) 
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at foam quality à = 0.82. This approximate value indicate the proper trend of 
effective viscosity-quality relationship as shown in Figure 6.45. 
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CHAPTER 7. CONCLUSION 
Summary 
The experimental and theoretical pursuit of the understanding of foam flow has 
about a half century history. Due to the complex nature of foam itself, however, 
many of foam flow characteristics are not clearly solved and are still challenging to 
the people who are engaged in this field. In this experimental study, a new concept 
of foam making machine was introduced, and drag forces were measured for vari­
ous types of models moving through foam. A few attempts were made to compare 
our experimental results with very recent (although still quite simplified) theoretical 
contributions. It is no hesitation, at this point, to mention the difficulties associated 
with the experimental investgation of foam flow. Those difficultés mainly arise due 
to the following reasons. 
First, there have been no effective methods to measure the slip velocity on the 
wall in a dynamic foam flow situation. Second, there is lack of plausible theoretical 
predictions to guide experimental design and procedures. Very recently, however, a 
few theoretical studies on two-dimensional ideal foam structure under limited condi­
tions have produced reasonable direction for further research. Third, due to above 
reasons, most of the previous experimental data were not well defined and omitted 
one or more important variables. As a result, there has been a lack of dependable 
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data on foam flow. 
In previous theoretical studies, the basic foam model structure, its static and 
stability charateristics, and the properties of foam making agents were mainly inves­
tigated by chemists. Chemical engineers contributed to the understanding of foam's 
rheological behavior. Nowadays, the attention given to foam is increasing due to 
the increasing practical demands. Inspite of previous efforts, the current stage of 
the theoretical development is infant. It remains, for the most part, based on a 
two-dimensional idealized foam structure. This is mainly because of the challenging 
complex rheological features of foam or foam flow, such as a yield stress, slip at the 
wall, and the especially complex real foam structures to simulate. 
In this study, experiments were conducted to determine the drag force on an 
object placed in a uniform stream of foam. The drag force was determined as a 
function of various model shapes, sizes and surface roughness, foam velocity, and the 
foam properties. The proposed experiments were successfully accomplished, except 
for developing a method to determine the average bubble size by using drainage rate 
measurements. The drainage rate measurement, however, was found to be useful to 
determine the steady-state of foam flow. 
The work and results obtained in this study are summarized as follows: 
1. A new device was developed to provide steady-state uniform foam flow. A 
highly sensitive dual cantilever beam force transducer was designed to detect subtle 
drag force variation. The experimental set-up produced reliable data. 
2. The drag-velocity data for various models tested were fitted to a power func­
tion of foam velocity with finite yield force. The results indicate Bingham-plastic like 
shear thinning characteristics. For a given model the relative drag force ratio was 
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about same for different foams throughout the velocity range tested, and therefore 
the curvature was similar for the same model in a scaled frame. The drag force highly 
depends on and is a unique function of the liquid viscosity and foam quality. The 
drag force increases with increasing viscosity or increasing quality. 
3. The drag force as a function of model shape was investigated by using different 
lengths of disks, ellipsoids and flat plates. For the cases of flat plates and disks, the 
drag force essentially linearly increases with length. Wall shear stress calculation 
shows, however, the shorter the length, the bigger the wall shear. For the case of 
ellipsoids, if the aspect ratio {IjD) approaches zero, the drag approaches the same 
value as that of a thin disk. Similarly, with increasing aspect ratio the drag force 
becomes similar to that of flat plate. 
4. The possibility of using the drainage rate as an index of average bubble 
size was examined. As a general observation, it was found that the bubble size is a 
function of the speed of the agitator producing the foam. Consequently the agitating 
speed affected the drainage rate and drag force. Faster stirring produced smaller 
bubbles and a corresponding higher drag force. The drainage rate was faster for 
a larger bubble size. In the transient state of producing the foam, the bubble size 
gradually became smaller, resulting in a slower drainage rate until steady-state was 
achieved. Upon reaching steady-state, the average bubble size and corresponding 
drainage rate remained unchanged. Isolation of the drainage rate as a function of 
only an average bubble size may be possible by either applying statistical method on 
cumulated data or developing an effective experimental method. 
5. Theory predicts the existence of a yield surface around the model moving 
through a Bingham material. The evidence of the existence of a yield surface in 
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foam flow was investigated by determining the effect that a near by wall has as 
the drag force on an object. Compared with the Newtonian creeping flow case, a 
smaller interference region was detected. This could imply the existence of a yield 
surface. Outside this region, the drag seemed to be remain constant, independent of 
the distance between the object and the wall. The size of the interference region was 
determined to be smaller by a factor of 1/10 than that predicted by approximate use 
of the Bingham theory. Slip phenomenon and/or lower yield stress (apparent yield 
stress instead of true yield stress) may contribute to this difference. 
6. Highly concentrated emulsion is considered analogous to high quality foam. 
However, the average bubble size calculated by using a highly concentrated emulsion 
theory was predicted to be smaller by a factor of 1/8 than the approximate actual 
bubble size measured. Under the assumption of equal validity of the emulsion theory 
to foam, the linear velocity distribution approximation used in the calculation may 
be responsible for the difference. The actual velocity gradient on the model surface 
may be significantly larger than that of linear approximation. With larger shear rate, 
the theory will predict larger bubble size. Due to lack of visualization, the actual 
velocity distribution remains unknown. 
7. The drag force dependency on surface roughness was investigated. The 
rougher the surface, the larger the drag force. For a given roughness, the roughness-
induced increase in drag was same amount at any velocity. Thus, the drag velocity 
curves were similar in shape, merely displaced by a constant force that is a function 
of surface roughness. Since the bubble sizes were comparable with that of the intru­
sions (roughness), only some of the bubbles on the object surface may yield when 
flow occurs. Therefore, it could be imagined that only a fraction of the foam field 
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yield stress might be delivered to the object. The fact that the drag increase due 
to roughness was in the range of yield force of the foam might be evidence for this 
hypothesis. 
8. Low quality of foams, namely dilute gas bubble supensions, were investigated 
to observe the trend of effective viscosity variance with changing quality. Foam with 
quality less than approximately 0.3 behaves essentially as a Newtonian fluids. Higher 
quality foams have a shear thinning character. The higher the quality, the more 
significant the shear thinning charateristics. The effective viscosity parabolically 
increases with foam quality. 
Recommendations 
The results of this study represent a first step in measuring drag on objects 
moving through foam and provide additional information about foam flow in general. 
The results cover only a portion of the interesting, but complex, phenomena of foam 
flow. Considerably more experimental and theoretical work is needed. Based on this 
study, the following are recommended for further experimental study. 
1. In almost any branch of fluid mechanics, it is possible to obtain valuable infor­
mation from flow visualization studies. It is expected that because of the unknown or 
untested properties of foam (i.e., non-Newtonian characteristics, slip boundary con­
ditions) a systematic, well designed flow visualization study will yield useful informa­
tion. The implementation of such studies immediately faces the roadblock resulting 
from the fact that foams are not transparent. Essentially, any foam layer more than 
a few bubbles thick becomes opaque because of the refractions and reflections of the 
numerous bubble-film surfaces. 
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One way to eliminate the problem of the opaqueness of foams is to use a relatively 
thin two dimensional apparatus, in some ways similar to a very thick gapped Hele-
Shaw cell. In such an apparatus, the foam motion can be viewed sufficiently well 
to extract useful information about the flow. Eventually, an attempt should be 
made to develop flow visualization techniques appropriate for use in foam flows in 
general, where the opacity of the foam would normally rule out standard techniques. 
Although no method currently exists, it may be possible to develop such a technique 
using a nonstandard method such as X-ray, infrared, or ultrasonic techniques. Such 
a technique would allow a detailed view of the complex phenomena associated with 
three-dimensional foam flows. 
2. As has been pointed out, the average bubble size is one of important properties 
of foam. Due to the difficulty of direct measurement of the average bubble size in a 
dynamic flowing situation, the drainage rate concept was introduced in this study as 
a possibility of indexing average bubble size. In the actual experiment, however, it 
was not easy to produce different bubble sizes while the quality and viscosity remain 
unchanged. This is mainly because the foam quality and average bubble size are 
also closely related each other. Being acquainted with the above difficulty, one might 
investigate the functional relationships among the drag force, drainage rate, viscosity, 
and foam quality by using a statistical scheme such as an analysis of variances, if a 
sufficient amount of experimental foam flow data are accumulated. 
Very recently, one method was reported [10], which provides a direct probe of the 
average bubble size in bulk foam by using multiple scattering light. Such a technique 
may be useful for future experimental work on foam flow. With the average bubble 
size known, generalization of experimental data is possible. 
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3. As a drag force experiment on objects, the results in this study are valid for 
tested objects with given surface textures. From a practical point of view, those data 
sets will be useful for application purposes in spite of the lack of knowledge about 
the amount of slippage between that foam and the surface of the object. For very 
rough surfaces it is assumed that there is no slip. On smoother surfaces there is slip. 
Various types of surface roughnesses could be used to eliminate the slip condition if 
desired. 
Determination of the slip velocity on the moving object, however, is necessary 
for the genaralization of the foam flow experimental or theoretical results. Such 
information can be obtained either directly (i.e., actual measurement of the rate of 
displacement of the bubbles on the surface) or indirectly (i.e., by measurement of 
some parameters affected in some known way by the slip condition). 
The indirect method of determination of the slip velocity by using viscometry 
has been introduced and proven to be useful for emulsions. For external flow (such as 
flow past an object), no method to correct for the slip velocity has been attemped yet. 
Development of either on experimental parametric technique or direct visualization 
of slip velocity is therefore needed. 
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APPENDIX A. EXPERIMENTAL DATA 
Following tables are the lists of raw data from foam flow experiments stored in 
VAX (see Section 3.1.4). Drag, Fjy, is in N and foam velocity, U, is in m/sec. S CFA 2 
represents model number 2 in foam ID = SCFA (see Table 3.1 for model numbers 
and Table 6.1 for foam ID) 
Table A.l: Raw drag-velocity data for smooth surfaced models 
SCFA2 SCFA3 SCFA4 SCFA5 
U Fn U FD U Fn U Fd 
0.000 0.005 0.000 0.011 0.000 0.021 0.000 0.015 
0.011 0.014 0.009 0.023 0.004 0.040 0.007 0.026 
0.027 0.017 0.019 0.026 0.018 0.054 0.020 0.030 
0.050 0.020 0.045 0.033 0.028 0.060 0.044 0.035 
0.078 0.022 0.077 0.038 0.047 0.069 0.078 0.040 
0.113 0.025 0.120 0.043 0.069 0.076 0.113 0.044 
0.145 0.026 0.151 0.046 0.109 0.086 0.144 0.046 
0.174 0.028 0.179 0.049 0.143 0.093 0.172 0.048 
0.208 0.029 0.210 0.051 0.169 0.097 0.206 0.050 
0.245 0.031 0.240 0.053 0.194 0.101 0.232 0.052 
0.273 0.032 0.276 0.056 0.218 0.105 0.264 0.054 
0.301 0.033 0.313 0.058 0.246 0.109 0.293 0.055 
0.332 0.034 0.333 0.059 0.275 0.112 0.320 0.056 
0.359 0.035 0.358 0.060 0.305 0.116 0.344 0.058 
0.382 0.035 0.379 0.061 0.331 0.119 0.378 0.059 




SCFA6 SCFA7 SCFA8 SCFA9 
U FD ' u U Fn ^ U \ Fn 
0.000 0.017 0.000 0.018 0.000 0.018 0.000 0.016 
0.001 0.025 0.007 0.031 0.006 0.034 0.010 0.030 
0.014 0.037 0.020 0.038 0.013 0.039 0.033 0.038 
0.030 0.042 0.049 0.046 0.032 0.048 0.051 0.041 
0.064 0.047 0.094 0.054 0.069 0.059 0.080 0.045 
0.107 0.052 0.133 0.059 0.105 0.066 0.118 0.050 
0.137 0.054 0.169 0.063 0.136 0.071 0.139 0.052 
0.175 0.056 0.195 0.065 0.168 0.076 0.175 0.055 
0.201 0.058 0.2.35 0.069 0.196 0.080 0.213 0.058 
0.233 0.060 0.270 0.072 0.231 0.084 0.255 0.060 
0.263 0.061 0.297 0.074 0.265 0.088 0.280 0.062 
0.295 0.062 0.327 0.076 0.291 0.090 0.321 0.064 
0.320 0.063 0.357 0.078 0.320 0.093 0.346 0.066 
0.346 0.064 0.385 0.079 0.352 0.096 0.379 0.067 
0.382 0.066 0.412 0.081 0.376 0.098 0.398 0.068 
0.409 0.067 0.403 0.100 
SCFAIO SCFAll SCFA 12 SCFA13 
U Fn U Fn U Fn U Fn 
0.000 0.016 0.000 0.016 0.000 0.016 0.000 0.016 
0.008 0.029 0.010 0.031 0.007 0.029 0.007 0.030 
0.029 0.037 0.030 0.039 0.023 0.037 0.026 0.039 
0.061 0.044 0.071 0.047 0.043 0.043 0.062 0.048 
0.090 0.048 0.103 0.052 0.086 0.051 0.096 0.054 
0.119 0.052 0.131 0.055 0.126 0.056 0.143 0.060 
0.146 0.055 0.168 0.059 0.156 0.060 0.182 0.065 
0.192 0.059 0.208 0.063 0.199 0.064 0.222 0.069 
0.229 0.062 0.247 0.066 0.236 0.068 0.259 0.072 
0.266 0.065 0.291 0.069 0.280 0.071 0.293 0.074 
0.302 0.067 0.313 0.071 0.310 0.073 0.317 0.076 
0.324 0.069 0.339 0.072 0.330 0.075 0.348 0.078 
0.354 0.071 0.371 0.074 0.360 0.077 0.389 0.081 
0.382 0.072 0.400 0.076 0.394 0.079 
0.407 0.073 0.418 0.081 
s CFA 14 1 SCFA15 SCFA16 
U Fn U Fn U Fn 
0.000 0.01.5 0.000 0.012 0.000 0.012 
0.008 0.030 0.005 0.027 0.003 0.030 
0.027 0.040 0.014 0.035 0.012 0.045 
0.040 0.044 0.029 0.043 0.028 0.059 
0.084 0.054 0.056 0.0.52 0.039 0.066 
0.1.38 0.063 0.084 0.060 0.059 0.076 
0.168 0.067 0.124 0.068 0.096 0.089 
0.199 0.070 0.152 0.073 0.145 0.103 
0.236 0.074 0.173 0.076 0.167 0.108 
0.267 0.077 0.196 0.079 0.196 0.115 
0.299 0.080 0.221 0.083 0.220 0.120 
0.3.30 0.082 0.244 0.085 0.249 0.125 
0.363 0.085 0.279 0.090 0.276 0.130 
0.388 0.087 0.311 0.093 0.300 0.1.34 
0.409 0.088 0.333 0.095 0.332 0.139 
0.356 0.097 0.358 0.143 
0.377 0.100 0.377 0.146 
0.395 0.101 0.404 0.149 
0.415 0.103 
SCFB2 SCFB3 SCFB4 SCFB5 
U U Fn u Fn U Fn 
0.000 0.005 0.000 0.010 0.000 0.028 0.000 0.014 
0.010 0.011 0.011 0.020 0.007 0.040 0.010 0.022 
0.019 0.013 0.030 0.025 0.021 0.049 0.035 0.028 
0.0.33 0.015 0.054 0.028 0.036 0.055 0.066 0.032 
0.0.55 0.016 0.093 0.033 0.060 0.062 0.101 0.035 
0.095 0.019 0.132 0.036 0.092 0.068 0.143 0.038 
0.132 0.021 0.176 0.039 0.124 0.074 0.171 0.040 
0.159 0.022 0.210 0.041 0.156 0.078 0.205 0.041 
0.198 0.023 0.238 0.043 0.187 0.082 0.2.38 0.043 
0.226 0.024 0.263 0.044 0.216 0.086 0.268 0.045 
0.253 0.025 0.295 0.045 0.250 0.089 0.303 0.046 
0.283 0.026 0.328 0.047 0.282 0.092 0.332 0.047 
0.304 0.026 0.354 0.048 0.321 0.095 0.366 0.049 
0.335 0.027 0.382 0.049 0.350 0.098 0.397 0.050 
0.364 0.028 0.403 0.050 0.378 0.100 
0.391 0.028 0.398 0.102 
0.409 0.029 0.413 0.103 
SCFB6 SCFB7 SCFB8 SCFB9 
U Fn U Fn U Fn U Fn 
0.000 0.013 0.000 0.017 0.000 0.014 0.000 0.013 
0.008 0.023 0.009 0.026 0.007 0.028 0.013 0.024 
0.019 0.026 0.034 0.033 0.031 0.038 0.033 0.028 
0.060 0.034 0.064 0.038 0.076 0.048 0.052 0.031 
0.087 0.037 0.092 0.042 0.116 0.054 0.087 0.035 
0.133 0.041 0.126 0.045 0.156 0.058 0.119 0.038 
0.182 0.045 0.166 0.049 0.191 0.062 0.154 0.040 
0.213 0.047 0.201 0.052 0.226 0.065 0.189 0.042 
0.245 0.048 0.234 0.054 0.262 0.068 0.224 0.044 
0.283 0.050 0.274 0.056 0.294 0.070 0.257 0.046 
0.310 0.052 0.300 0.058 0.320 0.072 0.295 0.048 
0.345 0.053 0.325 0.059 0.357 0.074 0.329 0.049 
0.377 0.055 0.363 0.061 0.384 0.076 0.370 0.051 
0.393 0.055 0.388 0.062 0.409 0.077 0.398 0.052 
154 
SCFBIO SCFBll SCFB12 SCFB13 
U FD U FD U FD U Fd 
0.000 0.013 0.000 0.012 0.000 0.013 0.000 0.011 
0.01.3 0.024 0.014 0.024 0.009 0.023 0.015 0.025 
0.0.33 0.029 0.044 0.031 0.037 0.031 0.049 0.033 
0.059 0.033 0.065 0.034 0.070 0.036 0.083 0.038 
0.095 0.037 0.078 0.035 0.102 0.040 0.111 0.041 
0.130 0.040 0.115 0.039 0.126 0.042 0.138 0.044 
0.165 0.042 0.145 0.042 0.159 0.045 0.171 0.047 
0.196 0.044 0.184 0.045 0.176 0.047 0.207 0.049 
0.229 0.046 0.218 0.047 0.212 0.049 0.233 0.051 
0.264 0.048 0.251 0.049 0.243 0.051 0.284 0.054 
0.299 0.050 0.290 0.051 0.278 0.053 0.316 0.056 
0.338 0.052 0.320 0.052 0.308 0.055 0.361 0.059 
0.377 0.053 0.366 0.054 0.325 0.056 0.393 0.060 






SCFB14 SCFB15 SCFB16 
U FD U FD U Fd 
0.000 0.012 0.000 0.012 0.000 0.013 
0.010 0.023 0.009 0.027 0.006 0.031 
0.030 0.031 0.029 0.036 0.016 0.040 
0.069 0.039 0.047 0.041 0.030 0.049 
0.079 0.041 0.089 0.049 0.045 0.056 
0.105 0.044 0.127 0.055 0.074 0.066 
0.147 0.049 0.153 0.058 0.102 0.074 
0.177 0.052 0.180 0.061 0.135 0.082 
0.219 0.056 0.209 0.064 0.171 0.090 
0.254 0.059 0.235 0.067 0.205 0.096 
0.286 0.061 0.261 0.069 0.236 0.101 
0.314 0.063 0.291 0.072 0.263 0.105 
0.338 0.065 0.320 0.074 0.306 0.112 
0.374 0.067 0.347 0.076 0.340 0.116 
0.403 0.069 0.367 0.077 0.370 0.120 
0.387 0.079 0.396 0.123 
0.408 0.080 
SCFC2 SCFC3 SCFC4 SCFC5 
U FD U FD U FD U Fd 
0.000 0.005 0.000 0.009 0.000 0.022 0.000 0.013 
0.014 0.010 0.010 0.018 0.008 0.034 0.009 0.018 
0.0.3.3 0.013 0.039 0.024 0.027 0.044 0.025 0.022 
0.067 0.015 0.068 0.027 0.061 0.054 0.068 0.027 
0.100 0.017 0.108 0.031 0.083 0.058 0.096 0.029 
0.129 0.019 0.150 0.034 0.127 0.065 0.145 0.032 
0.1.59 0.020 0.193 0.036 0.169 0.071 0.190 0.034 
0.193 0.021 0.231 0.038 0.213 0.076 0.230 0.036 
0.227 0.023 0.273 0.040 0.244 0.079 0.280 0.038 
0.266 0.024 0.319 0.042 0.285 0.083 0.320 0.039 
0.305 0.025 0.362 0.044 0.330 0.087 0.357 0.040 
0.338 0.026 0.401 0.045 0.373 0.091 0.399 0.041 
0.370 0.026 0.404 0.093 
0.400 0.027 
SCFC6 SCFCT SCFC8 SCFC9 
U FD U FD U FD U Fd 
0.000 0.016 0.000 0.015 0.000 0.017 0.000 0.010 
0.012 0.022 0.015 0.024 0.012 0.027 0.017 0.022 
0.029 0.025 0.041 0.029 0.038 0.0.34 0.039 0.025 
0.0.54 0.029 0.060 0.032 0.076 0.041 0.056 0.027 
0.086 0.032 0.089 0.035 0.115 0.045 0.091 0.030 
0.125 0.034 0.141 0.040 0.161 0.050 0.126 0.033 
0.172 0.037 0.182 0.042 0.204 0.054 0.175 0.035 
0.214 0.039 0.222 0.045 0.250 0.057 0.220 0.037 
0.256 0.041 0.266 0.047 0.295 0.060 0.264 0.039 
0.297 0.043 0.312 0.049 0.337 0.062 0.308 0.041 
0.346 0.045 0.365 0.052 0.378 0.064 0.350 0.042 
0.392 0.046 0.401 0.053 0.414 0.066 0.394 0.043 
156 
SCFCIO SCFCll SCFC12 SCFC13 
U Fd U Fn U Fn U Fn 
0.000 0.012 0.001 0.014 0.000 0.011 0.000 0.010 
0.017 0.022 0.013 0.021 0.015 0.022 0.011 0.021 
0.042 0.027 0.045 0.027 0.043 0.027 0.042 0.028 
0.068 0.030 0.078 0.031 0.084 0.032 0.092 0.034 
0.098 0.032 0.115 0.034 0.109 0.034 0.121 0.036 
0.1.34 0.035 0.157 0.036 0.147 0.037 0.165 0.039 
0.185 0.038 0.210 0.039 0.197 0.040 0.225 0.043 
0.232 0.040 0.255 0.042 0.242 0.043 0.271 0.045 
0.277 0.042 0.317 0.044 0.290 0.045 0.297 0.046 
0.324 0.043 0.373 0.046 0.331 0.047 0.343 0.048 
0.378 0.045 0.408 0.047 0.366 0.048 0.390 0.050 
0.401 0.049 0.416 0.051 
SCFC14 SCFC15 SCFC16 
U Fn U Fn U Fn 
0.000 0.012 0.000 0.016 0.000 0.011 
0.014 0.024 0.015 0.028 0.008 0.031 
0.0.34 0.029 0.042 0.035 0.022 0.041 
0.0.56 0.032 0.073 0.041 0.049 0.052 
0.093 0.037 0.115 0.047 0.070 0.059 
0.138 0.041 0.160 0.052 0.087 0.063 
0.177 0.044 0.202 0.055 0.110 0.068 
0.216 0.047 0.243 0.059 0.154 0.076 
0.262 0.050 0.298 0.063 0.196 0.083 
0.306 0.052 0.3.52 0.066 0.235 0.088 
0.348 0.054 0.378 0.067 0.266 0.092 




1 SCFD2 SCFD3 SCFD4 SCFD5 
U FD U FD U FD U Fd 
0.000 0.014 0.000 0.023 0.000 0.052 0.000 0.028 
0.009 0.035 0.013 0.066 0.006 0.112 0.005 0.051 
0.039 0.051 0.048 0.092 0.027 0.155 0.021 0.069 
0.080 0.062 0.073 0.104 0.053 0.186 0.048 0.086 
0.126 0.071 0.091 0.110 0.085 0.212 0.075 0.098 
0.171 0.078 0.147 0.127 0.114 0.231 0.116 0.112 
0.208 0.083 0.191 0.137 0.160 0.255 0.173 0.128 
0.255 0.088 0.238 0.147 0.199 0.273 0.226 0.140 
0.300 0.093 0.294 0.157 0.245 0.291 0.285 0.151 
0.345 0.097 0.337 0.164 0.298 0.310 0.349 0.162 
0.386 0.101 0.397 0.172 0.337 0.322 0.401 0.171 
0.377 0.333 
0.407 0.342 
SCFD6 SCFD7 SCFD8 SCFD9 
U FD U FD U FD U Fd 
0.000 0.030 0.000 0.040 0.000 0.044 0.000 0.025 
0.006 0.058 0.006 0.060 0.007 0.073 0.008 0.052 
0.023 0.078 0.029 0.092 0.030 0.111 0.035 0.079 
0.053 0.099 0.058 0.113 0.053 0.133 0.072 0.099 
0.090 0.116 0.078 0.124 0.073 0.149 0.103 0.112 
0.147 0.137 0.113 0.140 0.110 0.171 0.160 0.131 
0.202 0.152 0.171 0.162 0.150 0.191 0.201 0.142 
0.248 0.163 0.219 0.176 0.201 0.213 0.251 0.154 
0.299 0.174 0.269 0.190 0.253 0.232 0.303 0.166 
0.339 0.182 0.309 0.200 0.299 0.247 0.347 0.174 
0.387 0.191 0.366 0.212 0.346 0.262 0.393 0.183 
0.408 0.221 0.395 0.275 
158 
SCFDIO SCFDll SCFD12 SCFD13 
U U U Fn U Fd 
0.000 0.028 0.000 0.028 0.000 0.024 0.000 0.024 
0.008 0.049 0.010 0.056 0.006 0.052 0.007 0.053 
0.0.30 0.071 0.047 0.087 0.028 0.079 0.028 0.079 
0.056 0.088 0.093 0.111 0.059 0.100 0.064 0.105 
0.080 0.100 0.126 0.124 0.098 0.118 0.111 0.129 
0.140 0.124 0.180 0.142 0.131 0.131 0.150 0.145 
0.193 0.140 0.224 0.1.54 0.171 0.145 0.195 0.161 
0.242 0.1.54 0.279 0.168 0.217 0.158 0.245 0.176 
0.294 0.167 0.324 0.178 0.266 0.170 0.297 0.190 
0.338 0.176 0.377 0.189 0.315 0.181 0.340 0.201 
0.385 0.186 0.417 0.197 0.363 0.191 0.379 0.210 
0.407 0.200 
SCFD14 SCFD15 SCFD16 
U Fd U Fn U Fn 
0.000 0.032 0.000 0.038 0.000 0.050 
0.004 0.064 0.006 0.082 0.006 0.122 
0.019 0.090 0.022 0.115 0.024 0.175 
0.039 0.110 0.042 0.137 0.048 0.211 
0.086 0.139 0.061 0.154 0.070 0.235 
0.115 0.1.53 0.082 0.169 0.104 0.265 
0.1.58 0.169 0.111 0.186 0.143 0.293 
0.201 0.184 0.149 0.204 0.189 0.320 
0.246 0.197 0.191 0.222 0.230 0.340 
0.301 0.211 0.232 0.237 0.278 0.361 
0.352 0.223 0.290 0.256 0.320 0.379 
0.400 0.233 0.334 0.270 0.362 0.394 
0.371 0.280 0.401 0.408 
0.400 0.287 
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SCFE6 SCFE7 SCFE8 SCFE9 
U U PD U Fn U Fd 
0.000 0.014 0.000 0.018 0.000 0.019 0.001 0.018 
0.007 0.029 0.010 0.034 0.005 0.035 0.009 0.029 
0.026 0.040 0.031 0.047 0.016 0.047 0.022 0.036 
0.049 0.048 0.054 0.056 0.031 0.058 0.042 0.043 
0.076 0.055 0.089 0.066 0.051 0.068 0.066 0.050 
0.105 0.062 0.1.35 0.076 0.080 0.079 0.092 0.056 
0.150 0.070 0.184 0.085 0.122 0.092 0.128 0.062 
0.20.3 0.078 0.227 0.092 0.164 0.103 0.178 0.070 
0.250 0.084 0.272 0.099 0.213 0.113 0.215 0.074 
0.292 0.089 0.306 0.103 0.256 0.121 0.256 0.079 
0.330 0.093 0.340 0.108 0.302 0.129 0.293 0.083 
0.365 0.097 0.376 0.112 0.350 0.137 0.331 0.087 




SCFE6 SCFE7 SCFE8 SCFE9 
U Fn U Fn U FD U Fd 
0.000 0.014 0.000 0.018 0.000 0.019 0.001 0.018 
0.007 0.029 0.010 0.034 0.005 0.035 0.009 0.029 
0.026 0.040 0.031 0.047 0.016 0.047 0.022 0.036 
0.049 0.048 0.054 0.056 0.031 0.058 0.042 0.043 
0.076 0.055 0.089 0.066 0.051 0.068 0.066 0.050 
0.105 0.062 0.135 0.076 0.080 0.079 0.092 0.056 
0.150 0.070 0.184 0.085 0.122 0.092 0.128 0.062 
0.203 0.078 0.227 0.092 0.164 0.103 0.178 0.070 
0.250 0.084 0.272 0.099 0.213 0.113 0.215 0.074 
0.292 0.089 0.306 0.103 0.256 0.121 0.256 0.079 
0.330 0.093 0.340 0.108 0.302 0.129 0.293 0.083 
0.365 0.097 0.376 0.112 0.350 0.137 0.331 0.087 





SCFEIO SCFEll SCFE12 SCFE13 
U U Fn U Fn U Fd 
0.000 0.015 0.000 0.016 0.001 0.018 0.001 0.018 
0.006 0.026 0.007 0.027 0.007 0.028 0.007 0.029 
0.021 0.036 0.023 0.038 0.022 0.040 0.021 0.040 
0.041 0.044 0.046 0.047 0.050 0.051 0.041 0.049 
0.062 0.051 0.081 0.057 0.076 0.059 0.060 0.056 
0.084 0.056 0.123 0.066 0.098 0.064 0.084 0.063 
0.108 0.061 0.161 0.073 0.142 0.074 0.117 0.071 
0.1.5.5 0.069 0.210 0.081 0.182 0.081 0.167 0.081 
0.196 0.076 0.247 0.086 0.223 0.087 0.196 0.086 
0.2.30 0.080 0.286 0.091 0.264 0.093 0.239 0.092 
0.273 0.086 0.325 0.095 0.303 0.098 0.284 0.099 
0.312 0.090 0.370 0.100 0.359 0.104 0.339 0.105 
0.349 0.094 0.408 0.104 0.392 0.108 0.378 0.110 
0.385 0.098 0.411 0.110 0.415 0.114 
0.414 0.101 
SCFE14 SCFE15 SCFE16 
U Fd U Fn U Fn 
0.000 0.015 0.000 0.016 0.000 0.029 
0.006 0.035 0.004 0.036 0.006 0.056 
0.022 0.048 0.017 0.052 0.026 0.086 
0.046 0.060 0.036 0.066 0.049 0.105 
0.066 0.067 0.058 0.077 0.070 0.119 
0.091 0.075 0.087 0.088 0.103 0.1.35 
0.117 0.081 0.107 0.095 0.133 0.148 
0.159 0.090 0.142 0.105 0.169 0.161 
0.194 0.096 0.182 0.114 0.216 0.176 
0.235 0.102 0.221 0.123 0.257 0.187 
0.273 0.108 0.263 0.131 0.302 0.198 
0.303 0.112 0.296 0.137 0.338 0.207 
0.344 0.117 0.336 0.143 0.375 0.215 
0.379 0.121 0.367 0.148 0.415 0.223 
0.409 0.124 0.400 0.153 
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SCFF2 SCFF3 SCFF4 SCFF5 
U FD U FD U Fd U Fn 
0.000 0.008 0.000 0.013 0.001 0.052 0.001 0.020 
j 0.006 0.017 0.005 0.033 0.007 0.076 0.008 0.0.34 
0.021 0.026 0.020 0.048 0.025 0.105 0.028 0.049 
0.042 0.033 0.038 0.059 0.048 0.128 0.051 0.060 
0.061 0.038 0.060 0.068 0.071 0.145 0.075 0.068 
0.085 0.043 0.083 0.076 0.096 0.160 0.102 0.076 
0.108 0.047 0.112 0.084 0.117 0.171 0.123 0.081 
0.132 0.051 0.148 0.093 0.151 0.187 0.138 0.085 
0.159 0.055 0.185 0.101 0.189 0.202 0.178 0.093 
0.194 0.060 0.221 0.107 0.223 0.214 0.210 0.099 
0.227 0.064 0.262 0.114 0.254 0.224 0.250 0.105 
0.257 0.067 0.301 0.120 0.286 0.233 0.285 0.111 
0.290 0.070 0.342 0.126 0.326 0.244 0.321 0.116 
0.325 0.074 0.374 0.130 0.365 0.255 0.360 0.121 
0.364 0.077 0.412 0.1.34 0.394 0.262 0.393 0.125 
0.399 0.080 0.417 0.128 
SCFF16 SCFF17 SCFF18 SCFF19 
U FD U Fn U FD U Fd 
0.000 0.041 0.001 0.014 0.000 0.015 0.000 0.016 
0.007 0.080 0.008 0.027 0.007 0.036 0.008 0.052 
0.019 0.108 0.025 0.041 0.022 0.053 0.022 0.070 
0.035 0.132 0.049 0.053 0.047 0.070 0.041 0.087 
0.053 0.151 0.071 0.061 0.073 0.083 0.062 0.102 
0.080 0.175 0.095 0.069 0.103 0.096 0.086 0.115 
0.114 0.198 0.120 0.076 0.133 0.106 0.112 0.127 
0.136 0.211 0.148 0.083 0.169 0.117 0.148 0.142 
0.174 0.231 0.190 0.092 0.208 0.127 0.185 0.155 
0.203 0.245 0.227 0.099 0.239 0.135 0.214 0.164 
0.240 0.261 0.260 0.105 0.259 0.139 0.240 0.171 
0.276 0.275 0.297 0.111 0.295 0.147 0.272 0.181 
0.306 0.286 0.327 0.116 0.328 0.154 0.312 0.191 
0.342 0.298 0.361 0.121 0.359 0.159 0.344 0.198 
0.371 0.308 0.398 0.126 0.393 0.166 0.375 0.205 
0.395 0.315 0.411 0.213 
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SCFG2 SCFG3 SCFG4 SCFG5 
U FD U i Ff) U Fn U FD 
0.000 0.006 0.000 0.014 0.000 0.037 0.000 0.012 
0.005 0.016 0.007 0.030 0.004 0.057 0.009 0.032 
0.015 0.023 0.023 0.044 0.013 0.078 0.025 0.043 
0.032 0.030 0.037 0.052 0.034 0.105 0.039 0.050 
0.051 0.036 0.058 0.062 0.054 0.122 0.064 0.060 
0.073 0.041 0.077 0.069 0.075 0.138 0.088 0.067 
0.096 0.046 0.098 0.076 0.109 0.158 0.126 0.077 
0.127 0.052 0.112 0.080 0.135 0.170 0.170 0.086 
0.161 0.057 0.143 0.089 0.162 0.183 0.204 0.093 
0.194 0.062 0.183 0.098 0.193 0.195 0.240 0.099 
0.229 0.066 0.215 0.105 0.221 0.205 0.270 0.103 
0.269 0.071 0.251 0.113 0.256 0.218 0.301 0.108 
0.306 0.075 0.282 0.118 0.293 0.229 0.336 0.113 
0.333 0.077 0.320 0.125 0.326 0.239 0.368 0.117 
0.360 0.080 0.350 0.1.30 0.368 0.250 0.387 0.119 




0.402 0.259 0.416 0.123 
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SCFG16 SCFG17 SCFG18 .S CFG 19 
U FD U FD U Fn U Fd 
0.000 0.025 0.001 0.012 0.000 0.014 0.001 0.020 
0.005 0.063 0.009 0.023 0.008 0.032 0.007 0.039 
0.018 0.094 0.031 0.038 0.023 0.047 0.020 0.057 
0.039 0.124 0.056 0.049 0.046 0.062 0.039 0.074 
0.061 0.148 0.078 0.056 0.063 0.070 0.062 0.089 
0.084 0.167 0.107 0.065 0.087 0.081 0.084 0.101 
0.107 0.184 0.135 0.072 0.116 0.092 0.107 0.112 
0.139 0.204 0.166 0.080 0.149 0.102 0.136 0.124 
0.170 0.221 0.195 0.086 0.179 0.111 0.168 0.136 
0.191 0.2.32 0.223 0.092 0.207 0.118 0.193 0.145 
0.224 0.248 0.255 0.098 0.233 0.125 0.225 0.155 
0.249 0.259 0.285 0.104 0.267 0.133 0.254 0.163 
0.279 0.271 0.316 0.109 0.301 0.140 0.283 0.171 
0.309 0.283 0.346 0.114 0.331 0.146 0.319 0.180 
0.332 0.292 0.374 0.118 0.357 0.151 0.347 0.187 
0.359 0.302 0.402 0.123 0.384 0.156 0.376 0.194 
0.386 0.311 0.411 0.161 0.407 0.201 
0.417 0.321 
164 
Foiling tables are the raw data from wall effect experiment with 38.1 mm diame­
te r  s p h e r e .  L o c a t i o n  i s  t h e  d i s t a n c e  f r o m  t h e  w a l l  t o  t h e  c e n t e r  o f  t h e  s p h e r e  i n  m m .  
and F£) is the drag in N. 
Table A.2: Experimental data for wall effect for 38.1 mm diameter sphere. (// = 
•I.SxlQ-^Ns/m'^, <f> = 0.8) 





 U = 0.24 
Location Fn Location Fd Location Fn 
19.100 0.110 19.100 0.125 19.100 0.135 
21.812 0.105 21.812 0.119 21.812 0.130 
24.524 0.104 24.524 0.118 24.524 0.129 
29.948 0.104 29.948 0.117 29.948 0.128 
43.508 0.106 43.508 0.117 43.508 0.127 
60.322 0.105 60.322 0.116 60.322 0.126 
U = 0.30 U = 0.36 U = 0.42 
Location Fn Location Fn Location Fn 
19.100 0.148 19.100 0.156 19.100 0.165 
21.812 0.139 21.812 0.150 21.812 0.158 
24.524 0.137 24.524 0.147 24.524 0.157 
29.948 0.137 29.948 0.146 29.948 0.153 
43.508 0.136 43.508 0.145 43.508 0.151 
60.322 0.134 60.322 0.144 60.322 0.151 
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Following tables are the experimental data for the drag-velocity relationship on 
rough surfaced 38.1 mm diameter sphere and 101 mm-long flat plate. U is in m/sec, 
Fis in N, and s is roughness in //m. 
Table A.3: Experimental data for rough surfaced 38.1 mm diameter sphere. (// = 
7.1 XlO"-"^é = 0.8) 
smooth 44< £ <74 74 < c- <149 
U Fn U Fd U Fn 
0.121 0.137 0.121 0.146 0.121 0.153 
0.182 0.150 0.182 0.162 0.182 0.170 
0.242 0.160 0.242 0.168 0.242 0.175 
0.303 0.165 0.303 0.173 0.303 0.181 
0.364 0.169 0.364 0.177 0.364 0.185 
0.424 0.175 0.424 0.182 0.424 0.189 
149 < £ <250 250 < Ô <420 420 < £ <589 
U Fn U Fn U Fn 
0.121 0.158 0.121 0.162 0.121 0.167 
0.182 0.171 0.182 0.180 0.182 0.185 
0.242 0.179 0.242 0.185 0.242 0.190 
0.303 0.185 0.303 0.192 0.303 0.197 
0.364 0.189 0.364 0.194 0.364 0.200 
0.424 0.193 0.424 0.198 0.424 0.203 
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Table A.4: Experimental data for rough surfaced 101.6 mm-long flat plate. (// = 
7.1 xlO-^^Vj/m^, é = 0.8) 
smooth 44< c- <74 74 < : <149 
U U U Fn 
0.121 0.094 0.121 0.096 0.121 0.102 
0.182 0.112 0.182 0.114 0.182 0.121 
0.242 0.117 0.242 0.120 0.242 0.126 
0.303 0.123 0.303 0.12.5 0.303 0.130 
0.364 0.127 0.364 0.129 0.364 0.132 
0.424 0.128 0.424 0.130 0.424 0.1.34 
149 < ô <250 250 < c- <420 420 < î <589 
U FD U Fd U Fn 
0.121 0.103 0.121 0.107 0.121 0.109 
0.182 0.121 0.182 0.126 0.182 0.128 
0.242 0.128 0.242 0.1.30 0.242 0.132 
0.303 0.1.32 0.303 0.1.35 0.303 0.137 
0.364 0.1.34 0.364 0.138 0.364 0.140 
0.424 0.13.5 0.424 0.139 0.424 0.143 
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Following tables are the raw data from the experiment for dilute gas bubble sus­
pensions by using concentric cylinder viscometer. U is angular velocity in turns/sec. 
and W is driving weight in dyne. 
Table A.5: Experimental data for dilute gas bubble suspensions. (// = 
210.6 X IQ-^Ns/m'^)  
é = 0.0 <t> - 0.17 (p - 0.27 
U W u W u W 
0.144 10.00 0.064 10.00 0.050 10.00 
0..3.32 20.00 0.293 30.00 0.139 20.00 
0.521 30.00 0.380 40.00 0.225 30.00 
0.702 40.00 0.483 .50.00 0.303 40.00 
0.881 50.00 0.578 60.00 0.381 50.00 
1.055 60.00 0.685 70.00 0.458 60.00 
1.236 70.00 0.775 80.00 0.541 70.00 
1.401 80.00 0.870 90.00 0.622 80.00 
1..587 90.00 0.964 100.0 0.694 90.00 
1.746 100.0 0.763 100.0 
0 = 0.51 0 = 0.56 4> = 0.63 
U(turns/sec) W(dyne) U(turns/sec) W(dyne) U(turns/sec) W(dyne) 
0.021 10.00 0.033 20.00 0.024 .30.00 
0.050 20.00 0.055 30.00 0.039 40.00 
0.081 30.00 0.080 40.00 0.054 50.00 
0.111 40.00 0.103 50.00 0.071 60.00 
0.144 50.00 0.129 60.00 0.090 70.00 
0.176 60.00 0.158 70.00 0.109 80.00 
0.210 70.00 0.184 80.00 0.131 90.00 
0.248 80.00 0.243 100.0 0.155 100.0 
0.284 90.00 
0.318 100.0 
